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grind logs or refine wood 
around for many years, 
It is thought that during 
cyclic compression. 
Mechanicalpulping is a process that uses mechanical energy to 
chips into papermaking fibers. Although the refining process has been .  1 
the exact mechanism of how wood breaks down into fiber is unknown. 
the refining process two mechanical processes are occurring, shear and 
Some species of pulpwood have relatively uniform fiber morphology throughout the tree. 
In the Southern United States, the majority of wood used for mechanical pulping are the southern 
yellow pines. These pines are known for their abrupt transition between earlywood and latewood 
within an annual growth ring. Therefore, the wood source has fibers with very different fiber 
morphology subjected to the same refining conditions. Knowledge of how earlywood and 
latewood are affected by refining should enable the production of better fibers for papermaking. 
Earlier studies at the Institute of Paper Science and Technology (IPST) have shown that there is a 
difference in energy absorption between the two types of fibers while in the wood chip level of 
fiber organization. By understanding the role of cyclic compression throughout the refining 
process, it should be possible to identify morphological traits that can be used to select southern 
pine variants with the potential to produce stronger mechanical pulps with lower energy 
requirements. 
The working hypothesis for this dissertation is that earlywood fibers selectively absorb 
energy applied by cyclic compression. The experimentation simulated fiber compression in a 
disk refiner, and determined whether there was differential energy absorption by the earlywood 
fibers. This was accomplished by separating earlywood and latewood chips of a loblolly pine, 
refining them separately and fractionating for whole fibers. Selected fibers were stained, and the 
stained and unstained fibers were recombined into an aggregate with the same earlywood and 
latewood proportions as the tree. Using an electromagnetic shaker, the aggregates were 
subjected to cyclic compression at frequencies ranging from 10 to 200 Hz. High-speed video and 
infrared imaging were used to record fiber deformation and temperature variations, respectively. 
i 
c 
The images were then analyzed to determine if the earlywood fibers selectively absorbed the 
applied energy. 
This research has shown that at higher frequencies and at the fiber aggregate level of pulp 
organization, there is little impact of fiber morphology on energy absorption between the 
earlywood and latewood fibers. There were few instances of the earlywood and latewood data 
exhibiting differential energy absorption, especially as the frequency of the applied compressions 
increased. This is theorized to be from the viscoelastic nature of the fibers. As the fibers are 
compressed, time is required for the fibers to relax and return to their uncompressed state. As 
frequency increases, the time between compressions becomes smaller, the fibers experience the 
next compression from an already stressed state, and less energy is absorbed. The frequency 
becomes high enough that the mechanical differences between the two fiber types is nullified. 
To summarize the results of all of the experiments, at the fiber aggregate level there is no 
evidence of a preferential strain, with the possible exception of the lowest frequencies and first 
cycle of compression. The mechanical deformation analysis has the same outcome as the 
thermal image analysis. The change in temperature shows no differences between the earlywood 
and latewood fibers. At frequencies above 30 Hz, the fiber aggregates howed no difference in 
their energy absorption behavior, as seen by the change in curl index within cycles or the change 
in temperature. This is mechanical behavior is hypothesized to be due to the viscoelastic nature 
of the fibers and at the higher frequencies there is not enough time for the fibers to recover from 
one stress before the next is applied. 
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Mechanical pulping is a process that uses mechanical energy to grind logs or refine wood 
chips into papermaking fibers. Although the refining process has been around for many years, 
the exact mechanism of how wood breaks down into fiber is unknown. It is thought that during 
the refining process two mechanical processes are occurring, shear and cyclic compression. 
Some species of pulpwood have relatively uniform fiber morphology throughout the tree. 
In the Southern United States, the majority of wood used for mechanical pulping are the southern 
yellow pines. These pines are known for their abrupt transition between earlywood and latewood 
within an annual growth ring. Therefore, the wood source has fibers with very different fiber 
morphology subjected to the same refining conditions. Knowledge of how earlywood and 
latewood are affected by refnning should enable the production of better fibers for papermaking. 
Earlier studies at the Institute of Paper Science and Technology (IPST) have shown that there is a 
difference in energy absorption between the two types of fibers while in the wood chip level of 
fiber organization. By understanding the role of cyclic compression throughout the refining 
process, it should be possible to identify morphological traits that can be used to select southern 
pine variants with the potential to produce stronger mechanical pulps with lower energy 
requirements. 
The working hypothesis for this dissertation is that earlywood fibers selectively absorb 
energy applied by cyclic compression. The experimentation simulated fiber compression in a 
disk refiner, and determined whether there was differential energy absorption by the earlywood 
fibers. This was accomplished by separating earlywood and latewood chips of a loblolly pine, 
refining them separately and fractionating for whole fibers. Selected fibers were stained, and the 
stained and unstained fibers were recombined into an aggregate with the same earlywood and 
latewood proportions as the tree. Using an electromagnetic shaker, the aggregates were 
subjected to cyclic compression at frequencies ranging from 10 to 200 Hz. High-speed video and 
infrared imaging were used to record fiber deformation and temperature variations, respectively. 
c 
The images were then analyzed to determine if the earlywood fibers selectively absorbed the 
applied energy. 
This research has shown that at higher frequencies and at the fiber aggregate level of pulp 
organization, there is little impact of fiber morphology on energy absorption between the 
earlywood and latewood fibers. There were few instances of the earlywood and latewood data 
exhibiting differential energy absorption, especially as the frequency of the applied compressions 
increased. This is theorized to be from the viscoelastic nature of the fibers. As the fibers are 
compressed, time is required for the fibers to relax and return to their uncompressed state. As 
frequency increases, the time between compressions becomes smaller, the fibers experience the 
next compression from an already stressed state, and less energy is absorbed. The frequency 
becomes high enough that the mechanical differences between the two fiber types is nullified. 
To summarize the results of all of the experiments, at the fiber aggregate level there is no 
evidence of a preferential strain, with the possible exception of the lowest frequencies and first 
cycle of compression. The mechanical deformation analysis has the same outcome as the 
thermal image analysis. The change in temperature shows no differences between the earlywood 
and latewood fibers. At frequencies above 30 Hz, the fiber aggregates howed no difference in 
their energy absorption behavior, as seen by the change in curl index within cycles or the change 
in temperature. This is mechanical behavior is hypothesized to be due to the viscoelastic nature 
of the fibers and at the higher frequencies there is not enough time for the fibers to recover from 
one stress before the next is applied. 
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INTRODUCTION 
This thesis concerns the development of a method to 
wood fibers due to cyclic compressive forces in a refiner. It 
c 
discern what is happening to the 
was hypothesized that the earlywood 
fibers were preferentially absorbing the energy applied during refining. If the earlywood fibers 
are preferentially absorbing energy compared to latewood fibers they may become over refined, 
leading to a loss of pulp quality (3). The southern yellow pines are probably where this problem 
would be most self-evident; therefore, loblolly pine was chosen as a fiber source for this thesis. 
One of the questions raised by the high-energy requirements of the southern yellow pines 
is whether the fibers in the wood are absorbing the applied energy uniformly. There is a 
possibility that the earlywood fibers are being over-refined and broken into fine particles. In this 
case, the latewood fibers would then be under-refined and thereby left coarse, inflexible, and 
uncollapsed. If this were happening, the resulting paper would not be as smooth or strong. 
Previous research has shown that earlywood fibers do show preferential energy 
absorption within a model wood chip. Simulated wood chips were cyclically compressed and the 
thickness and temperatures of the different growth zones within the annual growth recorded (26). 
The earlywood growth zones were compressed by 37% and latewood by only 3% of their 
original width. The temperature experiments recorded that temperature increased immediate 
after the initiation of the compression cycles for earlywood, but the latewood lagged. 
Temperature for both fiber types eventually reached a plateau, but the earlywood had a higher 
temperature plateau and it took longer to reach the plateau than the latewood fibers. The 
mechanical deformation and the temperature change are evidence that the earlywood fibers are 
preferentially absorbing energy at the wood chip stage. 
The time that a fiber is present as a wood chip within a refiner is short. The wood chip is 
already splitting and breaking in the line feeding the refiner (73). Cinematography has given 
researchers a window into a refiner, and this window shows few wood particles, mostly fiber 
aggregates (14,39). Therefore, a study needs to be completed to understand whether uneven or 
c 
preferential energy absorption occurs among of fiber aggregates within refiners. The fiber 
aggregate stage brings the study to a microscopic level, with its concomitant problems. 
Individual fibers are approximately two millimeters long and thirty microns wide. Because the 
fibers are no longer glued to each other and voids exist within the aggregates, individual fiber 
mechanical deformation within an aggregate cannot be measured by the change in fiber width 
during cyclic compression. By the same reasoning, individual fiber temperature cannot be 
measured by inserting a thermocouple into the aggregates. Another problem to overcome is how 
to identify individual fibers as earlywood or latewood. This thesis documents a study performed 
to explore energy absorption in fiber aggregates subjected to cyclic compression and how the 
accompanying problems were handled. 
In the literature review for this thesis, wood and fiber structure, chemistry, and seasonal 
variations are covered. Some of the relevant theories to date on the process of how wood chips 
are separated and fibrillated into a pulp are reviewed. This will cover the two proposed 
mechanisms that occur within the refiner, shear and cyclic compression. A section on wood 
mechanics is included. Current ideas are examined on how wood morphology could impact 
refining, followed lastly by a review of another investigation into the hypothesis of preferential 
energy absorption by the earlywood fiber due to cyclic compression. 
The experiments necessary to analyze whether there is preferential energy absorption by 
earlywood fibers in fiber aggregates have measured: 1) the change in the absolute value of curl 
index (showing a deformation of shape) and 2) the change in temperature during cyclic 
compression. The experiments included video recording at both regular and high speed, and 
high-speed infrared imaging systems. 
The thesis objective states the hypothesis that the earlywood fibers of a fiber aggregate 
will show preferential energy absorption due to cyclic compression. Therefore, the goal of this 
study is to investigate the distribution of mechanical deformation and temperature change 
between earlywood and latewood fibers in aggregates placed under cyclic loads. This research 
expands on the previous research in the use of fiber aggregates and higher frequencies. 
2 
The methods used to test the hypothesis are defined and clarified. The separation of 
fibers and preparation of the fiber aggregates, apparatus design, the fiber aggregate holder during 
the various types of imaging, the imaging devices, and how the testing was done for both 
mechanical deformation and thermal studies. 
The results present the changes observed in the absolute value of curl index and change in 
temperature experiment by experiment. Each experiment has the data presented and discussed. 
For the majority of the experiments within this thesis, the data shows that earlywood does not 
preferentially absorb energy at the frequencies of cyclic compression approaching the bar cross 
frequency of disk refiners. 
To summarize the results of all of the experiments, at the fiber aggregate level there is no 
evidence of a preferential strain, with the possible exception of the lowest frequencies and first 
cycle of compression. The mechanical deformation analysis has the same outcome as the 
thermal image analysis. The change in temperature shows no differences between the earlywood 
and latewood fibers. At frequencies above 30 Hz, the fiber aggregates howed no difference in 
their energy absorption behavior, as seen by the change in curl index within cycles or the change 
in temperature. This is mechanical behavior is hypothesized to be due to the viscoelastic nature 
of the fibers and at the higher frequencies there is not enough time for the fibers to recover from 
one stress before the next is applied. 
The lack of preferential energy absorption by the earlywood fibers, at the fiber aggregate 
stage, is good and bad news for the people who are presently using mechanical pulping. The 
good news is that the present equipment/process i not causing one type of fiber to be over 
refined and the latewood fibers to be under-refined. Unfortunately, this research has not shown a 
possible method of reducing the amount of energy required to produce mechanical pulps or a 
means to improve the quality of mechanical pulps. 
REVIEW OF THE LITERATURE 
WOOD AND FIBER STRUCTURE AND MORPHOLOGY 
The Layered Structure of Wood and Fibers 
The loblolly pine fiber (tracheid) was at one time a living cell in the tree. The fiber is 
similarly to a straw but with tapered ends and an elliptical cross section. The fiber has a 
center, the fiber lumen. In loblolly pine, fibers average 4 mm in length and 30-45 
shaped 
hollow 
microns in diameter, with an average cell wall thickness of 5.2 microns (1). The fiber wall (or 
cell) is a layered structure (Figure 1). It is composed of three main layers: the middle lamella, 
the primary cell wall, and the secondary cell wall. The middle lamella and the primary cell wall 
are often called a combined structure - the compound middle lamella, due to the thinness of the 
primary cell wall that makes it difficult to separate the regions. The secondary cell wall is itself 
composed of three layers: the Sl, S2, and S3. The S2 is the layer that dominates the bulk of the 
mechanical tissue of the cell wall. In the tree used for this study, the earlywood cell wall 
thickness was on average 60% of that of the latewood cell wall (Appendix 1). 
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Figure 1. The layered structure of the woody cell (2). 
Each layer of the cell wall has its typical chemical constituents and physical organization 
of these constituents. The principal chemical constituents in trees are cellulose, hemicellulose, 
and lignin. Cellulose comprises roughly half of the dry weight of wood and has the largest effect 
on the mechanical characteristics of wood due to its concentration in the large S2 layer (Figure 2) 
(3). The basic repeating unit of cellulose is cellobiose, which consists of two glucose molecules 
bonded together with a p 1-4 linkage. The cellobiose unit can repeat up to 10,000 times, 
determined by the species. These chains of cellulose are grouped in well-ordered crystalline 
regions, or unordered amorphous regions. 
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Figure 2. Distribution of the principal chemicals within the layers of the cell wall in conifers 
0 . 
Hemicelluloses are less well defined than cellulose. They are the part of the total 
carbohydrate that is soluble in dilute alkali and hydrolyzes readily in dilute acid to form sugars 
and sugar acids. The hemicelluloses are of two general classes: xylans and 
galactoglucomannans. The hemicellulose and cellulose fractions of wood combined are called 
holocellulose, which makes between 60 and 85% of the dry weight of wood. Hemicelluloses are 
generally thought to chemically join the cellulose to the lignin, and have an amorphous chemical 
structure that is very hygroscopic (3). The amorphous chemical structure of hemicellulose makes 
it very sensitive to temperature changes when considering its effect upon mechanical behavior. 
Lignin is a large, amorphous, three-dimensional polymer. It is believed to be present in 
living plants for rigidity and the increased stiffness it gives to the cell walls. Lignin is less 
hygroscopic than cellulose and thereby retards dimensional changes in the cell with moisture 
changes. This is due to the effect of cross-linking and lignin’s basic structure of a phenylpropane 
‘backbone’ not attracting and hydrogen bonding polar liquids such as water. Lignin is also 
thermoplastic, changing from glassy to elastic mechanical behavior with increasing temperature. 
Lignin comprises 15 to 35% of the dry weight of wood and is found in the greatest concentration 
in the compound middle lamella (Figure 2). 
The celluXose and hemicelluloses are combined into long strands known as microfibrils 
(3). The microfibrils are essentially a core of crystalline cellulose encased in a shell of 
hemicellulose. Microfibrils are present in both the primary and secondary cell walls. The 
orientation of the microfibrils varies with each layer in the cell wall. The primary cell wall has a 
random pattern of orientation. The Sl is made of many sub-layers that alternate their 
orientations with each sub-layer, the outer layers have angles of GO to 70’ from the cell axis. 
This angle decreases from layer to layer with the inner layer fibrils being almost paralle1 to this 
axis. The high angles of the S 1 cell wall help the cells resist transverse forces. The S2 cell wal 
layer is the thickest in the cell and its microfibrils are only 10 to 30’ from the cell axis. Because 
of the thickness of the S2 cell wall, it dominates the physical behavior of the papermaker’s fiber 
especially in the axial direction. The S3 layer is the thinnest and least studied of the layers of the 
secondary cell wall. The orientation of microfibrils in this layer is close to perpendicular to the 
cell axis, with some major deviations. Lignin is deposited in the cell after the microfibrils are 
formed, and encases and binds them into a rigid structure. 
Variation within the Annual Growth Ring 
Cell dimensions vary due to environmental conditions present during growth and 
maturity. There are regular changes in growing conditions during the spring and summer 
seasons. These changes lead to the tree forming fibers of very different morphology (1). Fibers 
(cells) grown during the early, fast-growing period in the spring are called earlywood or 
springwood. These fibers have shorter fiber length, larger cross-sectional area, higher 
microfibrillar angle, lower wall thickness, less alpha cellulose, and slightly more lignin than 
fibers grown later in the slower growing period of the summer (1,3-9). The cells formed in the 
summer are called latewood or summerwood. Due to the larger cross-sectional area and thinner 
fiber walls, earlywood has a much larger lumen or central void and consequently, lower wood 
specific gravity than latewood. In wood, the strength, work to maximum load, elongation and 
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modulus of elasticity differ greatly between the two growth regions, with earlywood having the 
smaller values (4-9). Tensile testing of microspecimens hows a difference in the mode of 
fracture. Earlywood has a tendency to break across the cell walls while latewood fibers fail 
between the cells in the middle lamella (10). Single fiber strength of the latewood tracheid is 
superior (7). 
Compared to the northern softwoods, the southern pines have a much larger proportion of 
latewood in the annual ring. The latewood fibers have an average wall thickness approximately 
double the earlywood fibers. A histogram of the cell wall. thickness in loblolly pine shows 
distinct bimodal distribution because of the two fiber types (Figure 3). This difference will lead 
to differing mechanical properties. The latewood fiber will be more rigid than the earlywood 
fiber. 
0 
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Figure 3. &mod distribution of loblolly pine wall thickness (11). 
Other differences in mechanical properties are also present at the single fiber level. 
Defects such as kinks and curl lower the elastic modulus of a fiber and its capability of 
transmitting stress along the fiber length (12). Fibril angle, degree of crystallinity and 
composition of the cell wall also influence fiber mechanical properties (13). 
The angle of the microfibrils in the S2 layer has a large impact on tensile strength and 
compression strength of the fiber. A latewood fiber generally has a low microfibril angle (closer 
to parallel to the fiber axis) which results in a larger single fiber axial tensile strength (12). 
The degree of crystallinity also has a considerable ffect upon fiber mechanical behavior. 
There are three factors why ce Bulose found within the cell wall of fibers is in a crystalline form 
(3). One, the cellulose molecule is a uniform ribbon-shaped structure. Two, carbon-to-carbon 
bonding gives the chain great rigidity and solidarity. Three, there are abundant hydroxyl groups 
accessible along the length of the molecule for bonding to other cellulose chains. Because the 
hydroxyl groups are bonded to other hydroxyl groups, and thereby inaccessible, cellulose 
polymers are not as hygroscopic and exhibit lower dimensional and mechanical changes as the 
moisture content of the fiber changes. There is more cellulose present within a latewood fiber 
and this cellulose has a larger crystalline percentage (3). 
The difference in chemical composition within the fibers of a growth ring is not huge, but 
is significant. Fibers rich in cellulose generally are much more rigid and have higher tensile 
strengths. A higher percentage of hemicellulose will generally cause the fiber to be more 
hygroscopic, less dimensionally and thermally stable, and show increased strain for the same 
force (3). Lignin enrichment will give mechanical values between the two forms of carbohydrate 
but will have less moisture sensitivity (3). Latewood fibers generally have more alpha cellulose 
and less lignin than the earlywood fibers with the accompanying mechankal, thermal, and 
hygroscopic responses (3). 
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THEORIES ON REFINING 
History of Mechanical Refining 
The history of the use of refiners to produce pulp suitable for paper starts in 1929 with the 
invention of the defibrator process by Arne Asplund (14). It was initially used to grind wood 
chips to produce particle board for the board industry. Later this process was adapted to produce 
a type of groundwood pulp - refiner-mechanical pulp (RMP). The earliest commercial refining 
operations started up in 1970 (15). At the time the RMP process was maturing, environmental 
concern with the discharge from chemical pulping mills increased, along with the pressure for 
the best roundwood to go to the lumber industry instead of the stone-groundwood mills (SGW) 
(15). These concerns forced the pulp and paper industry (especially newsprint) to look for other 
processes to produce a pulp with greater strength than groundwood to replace the expensive 
chemical pulp in their printing papers. By using RMP instead of the SGW process, pulp mills 
did achieve a much stronger pulp with little loss in opacity. The other benefits of this new 
process are the ability to use scraps of the lumber business and a much higher yield, less effluent, 
and lower cost than the chemical pulps. RMP is not the energy saving process it was once hoped 
to be. Depending upon the wood species, SGW averages approximately 1400 kWh and refiner 
pulps need 1800+ kWh to produce an oven-dried ton of pulp (2). Since the 197Os, most new 
mechanical pulp capacity has been added as a version of refiner pulping, usually 
thermomechanical pulping (TMP). The major difference between TMP and RMP is that the 
TMP refiner is pressurized and operates at temperatures above the boiling point of water. 
Refiner pulps are very different from SGW. SGW fibers are very short and have a large 
quantity of fine material (Figure 4). At high magnification, the surface of the SGW fiber is 
rather smooth. A TMP pulp has many more long fibers, and at higher magnification, the fiber 
has a fibrillated surface (Figure 5). 
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Figure 4. Groundwood pulp at 117X and 2350X magnification (2). 
Figure 5. Thermomechanical pulp at 116X and 2350X magnification (2). 
Mechanical Pulping of Wood Chips 
1 01 1 l .l A typical flow diagram for TMP is easily aescrrbed. ~nlps feea mto the system wrtn a 
screw conveyor from a pre-steaming bin and pass through a plug screw feeder, which seals the 
system, and the steam then pressurizes the system. The chips preheat in another screw conveyer. 
A screw or ribbon feeder then transports the chips into the eye of the refiner. From the center of 
the refiner, the chips move outward between the plates of the refiner. Exposure to various 
compressive and shear forces occurs between the refiner plates. These forces change the wood 
chips into pulp. Larger chips break into smaller chips by the breaker bars on the refiner plates. 
Due to centrifugal-forces and more chips being fed to the system, the smaller chips enter the 
intermediate and fine bar refining zones. The pulp leaves the refiner and then enters various 
11 
chests, cleaners, and reject refiners before going to the paper machine (16). The opposing 
movement of the bars on the plates leads to a crossing frequency in the range of lo4 hertz. 
When a pulping system has its refiners in series, each refiner is a numbered stage, and the 
number depends upon whether it is the first, second, or third refiner in the series. It is common 
to have a two-stage TMP system in which the second stage has an atmospheric discharge in older 
mills; newer mills may have a pressurized second stage. It is also possible to have pressurized 
refining without preheating the chips; this is called pressurized RMP (2). 
Mechanisms of Refining 
The mechanics of fiber separation within a refiner is not fully understood. It has been 
observed that wood chips broke down into “matchstick-like” fragments with evidence of internal 
breakdown in cross section (16) even before entering the eye of the refiner. These fragments 
enter the refining region in random orientation. A substantial amount of fibrous material is 
already produced by halfway through the refiner. Pearson (18) suggests that the chips or fibers 
may be rolling between the plates, and this rolling could be a method of fiber separation or 
fibrillation. Work by Atack (16) casts serious doubt on this theory. Using cinematography 
through transparent portions of a refiner plate, Atack found that there is no evidence of particle 
rolling within the refiner. He states that in order for fiber rolling to occur the fiber axis must be 
oriented radially within the plates, and that all pictures of fibers and fiber clumps (rafts) depict a 
major axis tangential to the refiner bars (16). He further states that the bars on the refiner plates 
provide an environment in which fibers are exposed to varying shear and compressive forces. 







Figure 6. Shear and compressive forces present within the different parts of the refiner 
clearance (19). 
Shear 
Shear is essential to fiber separation. This mechanism physically “peels” the fibers from 
the chip. It is caused by the refiner bars rubbing along the length of the wood chip, which then 
tears fibers from the surface (16). Without shear, fibers do not separate, and the chips would 
char (20). Shear forces are also applied to fiber aggregates after fiber liberation. This is 
accomplished by the moving bars working along the length of fibers, which are trapped 
momentarily on an opposing bar (21). 
Studies performed on the significance of fiber morphology in shear found that earlywood 
fibers behave differently than latewood fibers. After varying sulfite chemical pretreatments, Lai 
and Iwamida (22) sheared wood blocks using an Instron tensile tester. They found that with no 
chemical pretreatment the earlywood fibers showed extensive fragmentation from fiber splitting 
along the cell axis and trans-wall cutting of the fiber. Latewood fibers separated at the Sl and 
were uniformly fibrillated. Chemical pretreatment was shown to move the earlywood fracture 
from trans-wall to the primary cell wall and the middle lamella, similar to that of the latewood 
fibers. 
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Compression, Fatigue, and Wood Mechanics 
Compressive force is applied to wood chips or fibers by impacts between opposing bars , 
on the refiner plates. These compressive forces are repetitively applied throughout the chip/fiber 
passage through the refiner. Due to the regularity of the compressive pulse, this is referred to as 
cyclic compression. Cyclic compression is thought to initiated by a fatigue-type process within 
the refiner that aid in fiber separation and flexibility (23,24). Studies show good correspondence 
between fatigue measurements and refining results (25). 
When a stress is applied to a material, a strain is produced. A linear elastic material 
responds to increasing stress with larger strains, and when the stress is removed, the strain 
immediately returns to zero (26). In a viscoelastic substance, such as wet wood, application of 
stress also produces strains. Up to a given stress, the material will behave the same as the linear 
elastic material. After that point, a larger strain is produced for the same increase in stress (27). 
After the stress is removed, there is some immediate strain recovery followed by a slower strain 
recovery. If the applied stress is large enough, a plastic deformation will occur, and the 
deformation will not completely recover after removal of the stress (28). 
Viscoelastic materials absorb energy in the cycle of stress application and removal. 
When the stress is removed, there is a lagging of the strain response before the strain returns to 
the unstressed state (Figure 7). Hysteresis is defined as a lagging of an effect behind its cause 
(29). Due to this lagging, there is a different amount of strain at the same stress level depending 
on whether one is applying or removing the stress. The area within the stress strain curve 
represents the amount of energy absorbed per cycle of stress (30). At some frequency there is 
not enough time before the application of the next stress for the strain to have returned to zero. 
In this case, the material will start the next stress cycle from a pre-strained state. The second 
cycle of stress can follow the same curve as the first, or it may have greater or less strain 
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Figure 7. Stress strain curves showing hysteresis and energy absorption per cycle. 
The relationship between the stress and strain of a material is defined as a modulus (3 1). 
The modulus of a material varies depending upon temperature, time, and moisture content. As 
the temperature increases, the moduli will decrease and the material properties change from 
glassy to rubbery. The effect of time is demonstrated uring testing. The length of the duration 
of a stress is reflected in a decrease in the moduli. If stressed for a long period of time, most 
materials would appear to have a low modulus. 
Wet wood is a viscoelastic substance, and as the moisture content increases, the modulus 
of elasticity decreases. This is due to the water molecules acting as a plasticizer (3 l-33). The 
polar water molecules disrupt the hydrogen bonding between the polar components of the 
materials within the fiber allowing greater chain mobility. Thereby, when a stress is applied to a 
fiber, the fiber is more capable of relieving that stress. This effect of water is also seen in the 
decrease of the glass transition temperature with the addition of water (3 1). 
When wood is mechanically deformed, energy is consumed in the process (34). It has 
been estimated, using the amount of energy required to create new surface area, that the amount 
of energy required to separate wood into fiber is 0.0 1 to 300 kWh/ton, depending upon the 
method of calculation (35-40). In contrast, the industry requires approximately 1400 to 2000 
kWh/ton to produce TMP (41). The extra energy is due to the energy absorbed in cyclic 
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deformation of a viscoelastic material. Generation of small cracks or fractures within the fiber 
wall may require a cyclic loading/fatigue failure process (34,41-43). 
Fatigue is defined as a weakening caused by long-continued use or strain (29). In a 
refiner the term fatigue is usually applied to cases of intermittent or repetitive stressing but can 
also be used for a one-time stress, as in the case of creep rupture (30). The wood chips or fibers 
are subjected to compressive forces that can be greater or less than enough stress to cause plastic 
failure (17). This stress is applied repetitively to the fibers throughout the interval within the 
refiner. When a material is subjected to an applied stress, many chemical and rheological events 
may occur. The effect depends on several competing factors: molecular properties and 
composition of the material, temperature, time scale, and the environment (30). 
Fatigue failure can occur due to hysteretic heating. The largest cause of thermal failure is 
believed to involve the accumulation of hysteretic energy generated during each loading cycle 
(29). Because this energy is largely dissipated in the form of heat (30), the temperature of a 
material increases with every loading cycle when isothermal conditions are not met. The 
temperature rise can be great enough to cause the material to melt, thereby preventing it from 
carrying a load. The failure is presumed to occur by viscous flow with some bond breakage (30). 
Three forms of fatigue testing occur in laboratories: stress controlled, deflection 
controlled, and strain controlled. They are different in their response to each loading cycle and 
their rate of heat generation and temperature increase. For stress controlled testing, the rate of 
heat generation, as proposed by Schmidt and Marlies (30), is proportional to 
H, 0~ DF*/E,. (1) - 
where H, is the rate of heat generation under stress (or force) control, D is the damping capacity 
of the material, F is the force, and E, is the dynamic modulus. In this testing case, as the sample 
heats, the dynamic modulus will decrease and the damping capacity will increase, thereby 
increasing the rate of heat generation (30). This relationship does not take into account the 
transfer of heat to the surroundings, controlling the rate of heat generation and limiting thermal 
failure. 
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Deflection and strain controlled testing and their rates of generation are closely related 
(30). The equation developed by Schmidt and Marlies (30) to explain the rate of heat generation 
in these cases is 
H, 0~ DE,x*. (2) 
where H, is the rate of heat generation due to fixed displacement, D is the damping capacity, E, 
is the dynamic modulus, and x is the displacement amplitude. This relationship shows that 
thermal failure cannot take place in either deflection or strain controlled testing. As heating 
occurs, the dynamic modulus will decrease, thereby lowering the heat generation rate. An 
equilibrium temperature is quickly reached. This equation also does not include a term for the 
transfer of heat to the surroundings. Studies show that the stress applied in a constant deflection 
test decays with repeated cycling (30). This decay is due to plastic deformation and hysteretic- 
heating induced softening of the material. It has been argued that stresses hould not be 
calculated from deflection controlled testing because dynamic modulus changes during the initial 
portion of the test, changing the relationship between sample deflection and applied stress level 
Cyclic Compression Studies of Woo4 Blocks 
Salmen et al. (42) have found, with cyclic compression of wet wood, that structural 
breakdown is favored by higher temperatures and lower frequencies. Higher temperatures lead to 
a greater change in the wood’s elastic modulus. Within fibrous materials, the structural 
breakdown is generally in the form of generating new surface areas or fractures. The higher the 
temperature during refining, the further the fracture moves into the middle larnella from the S2 
layer of the wood (25,41,43). Lower frequencies of cyclic compression show a larger decrease in 
elastic modulus thought to be from increased fracture. This fracture is probably from the greater 
amount of energy applied to the wet wood at low frequencies, due to the long interval between 
stresses leading to a greater time for stress relaxation between cycles. One problem with 
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Salmen’s work is that it was performed at frequencies well below those found in refiners, 1 to 20 
Hz, compared to 1000 and 10,000 Hz in the fine bar section of a refiner. 
Atack and May (20), in their study with the steel wheel (a laboratory model of a grinder 
capable of varying the amount of compression and shear, while holding the force constant), 
demonstrate that cyclic compression produces increased temperatures in wood blocks. Localized 
cyclic viscoelastic deformations lead to subsurface charring in the wood blocks, which is an 
indication of energy dissipation as heat in the wood. The surface fibers do not char because they 
were cooled with water showers. These results are consistent with the idea of energy being 
dissipated as heat in a localized, highly strained zone near the wood surface. 
Hickey et al. (23) also demonstrated that cyclic loading of water-saturated wood blocks 
does cause the temperature of the specimen to increase, and the temperature increase is higher in 
the earlywood than latewood zones within an annual growth ring (Figure 8). The temperature of 
the blocks compressed at 15 and 30 Hz rose dramatically during these experiments. These 
results suggest hat the majority of the energy applied in the early stages of disk refining 
absorbed by the earlywood (23). The temperature versus time chart (Figure 8) demonstrates the 





55- . . . . . . . . . --... +’ 
,,~~****~~~*~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
* 0’ Latewood 
+ l mmmm . . . . ..~..~~=~~~~~~DI~rn~~~~~~” 
40- 0 . . . . . . . . -... l u mm 





25- . . . . n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I 
od” l ~~~~~~~~~~oo~~wm~~o~~o~~wo~~o~oo~~oo~~~ogo t Body 
Time, (milliseconds) 
Figure 8. Temperature record of the sample tested at room temperature and 15 Hz (23). 
Cyclic Compression Studies of Wood Fibers 
Studies have been performed on a type of single fiber cyclic loading (44). Instead of 
transverse cyclic compression, the fibers are bent cyclically until failure. These studies indicate 
that it is possible to weaken the structure of fibers by subjecting them to either a small number of 
loading cycles at high stresses, or to a large number of loading cycles at lower stresses (44). This 
result is similar to Salmen’s work with wood blocks, showing that mechanical characteristics of 
wood blocks can possibly be applied to those of fibers. The problem with this work is that the 
fibers selected for stressing are those that are free from physical defects such as kinks. In a real- 
world refiner, there are probably very few fibers without some type of defect. 
Temperature 
Temperature impacts mechanical pulping and wood properties due to the glass transition 
of wood’s major components. Glass transition is defined as the temperature at which the 
transition from a glassy state to a rubbery state occurs when measured using a slow process (60). 
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Under water-saturated conditions, hemicellulose has a glass transition of about 50-60 “C; lignin 
has a transition temperature of 90-100 “C, followed by cellulose around 235 OC (45). 
The influence of temperature and glass transition on mechanical behavior can be seen in a 
study of wood using a torsional pendulum. By twisting the sample, releasing it, and recording 
the oscillations as it moves back to equilibrium, one can measure the dynamic elastic behavior of . 
the sample (46). Torsional modulus and internal friction are both measured with a torsional 
pendulum apparatus. The frequency at which the sample oscillates while returning to 
equilibrium correlates to the torsional modulus of the sample. The rate of decay in the amplitude 
of the oscillations shows the internal friction (or damping capacity). Figure 9 shows how 
torsional modulus and internal friction are impacted by temperature at two test frequencies 
(graphed by displacing the x-axis so the curves overlap) (46). Torsional modulus drops with 
increased temperature at both frequencies as the materials within the wood change from glassy 
(stiff) to rubbery behavior. 
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Figure 9. Torsional modulus and internal friction of spruce wood vs. temperature at two 
different test frequencies (46). 
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Internal friction increases up to a particular temperature, decreases almost to where it 
started, and then rises again. The temperatures of the peaks and valley are different for both test 
frequencies, but they follow the same pattern. The first rise and fall is attributable to the glass 
transition of the lignin and hemicellulose within the wood. These two major components of 
wood have low transition temperatures from glassy to rubbery behavior. The glass transition 
temperature for cellulose, the other major component of wood that comprises approximately 45% 
of the dry mass, is much higher than lignin or hemicellulose. As the wood heats into the lignin 
and hemicellulose transition zone, the behavior of the lignin and hemicellulose dominates the 
mechanical behavior of the wood. At this temperature range for the glass transition, the 
segments within the lignin and hemicellulose begin to be rotated, translated, and have short- 
range diftisional motions (3 1). It is these motions that cause the internal friction to rise. After 
the glass transition region for lignin and hemicellulose is passed, the internal friction falls due to 
their rubbery state. At this point, the cellulose is the major contributor to the internal friction 
behavior. When the cellulose begins to reach its glass transition, the internal friction again rises. 
Impact of Wood Morphologv on Refining 
Wood properties can impact mechanical pulping. The property that most studies have 
focused on is wood density (11,16,23,47-5 1). This property shows a strong correlation to energy 
required for production of a useful pulp. 
A fiber with a thick cell wall causes overall higher wood density, and generally has high 
tensile strength and a lower fibril angle. Looking at Figure 10, one can see the relationship 
between paper strength and density, at a given input of energy. Spruce and loblolly pine are 
examples of low and high-density softwood, respectively. Higher density wood species seem to 
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Figure 10. Relationship between burst strength (Mullen) and wood density at a specific 
power consumption level (11). 
This can also be seen in Corson’s work with Radiata pine (48). The butt log samples 
(mature wood with high density) require more energy to reach target freeness than did logs of 
lower density (Figure 1 I). Freeness is highly correlated to the hydrodynamic surface area of 
fibers (50) and is a simple test of whether the pulp is refined and ready for paper-making. Corson 
also compared the effects of mature wood versus corewood on refining energy (49). The 
hypothesis tested was that the lower density corewood should use less energy to refine to a 
specific freeness. However, this was not observed in this case. 
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Figure 11. Freeness versus power consumption in Radiata pine (48). 
Fiber Morphology and Enerrrv Absorption 
Various studies with cyclic compression of wood samples reveal that earlywood behaves 
differently than does latewood (23,24,52). Hickey’s experimentation videotaped wood blocks 
during a compression sequence and the width of the earlywood and latewood growth zones were 
measured before compression and then after a predetermined number of compressions. 
Earlywood consistently showed greater mechanical deformation of the thickness of the growth 
ring. Latewood showed very little change during the cyclic compression tests (Figure 12). On 
average, the earlywood portion compressed by 37% of the initial width, but the latewood zone 
only compressed by 3% of its initial width. Temperature and frequency had little effect on this 
response. By placing thermocouples within the growth rings, Hickey (23) measured the 
temperature change that occurred during the compression test (Figure 8). This figure reveals 
how earlywood began absorbing energy immediately, as evidenced by the temperature rising as 
soon as the compression sequence began. The latewood temperature began to rise a short time 
later, but never reached the temperature level of the earlywood. 
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Figure 12. Response of earlywood and latewood to cyclic compression. Compressed width 
after 10,000 cycles (23). 
The temperature difference at equilibrium and the time lag both appear to be dependent 
on the latewood bandwidth (Figure 13), indicating that the latewood heating may be due to the 
thermal conductivity of the wood. Interestingly, the temperature rise is not as large at 30 Hz as at 
15 Hz. This is probably due to the sample not having time to recover from the previous 
compression stroke before the next is applied. That is, the next stroke is starting with a pre- 
compressed piece of wood; so less work is done on the sample, resulting in a smaller temperature 
increase. This study would seem to reinforce what Salmen et al. have stated, that lower 
frequencies will allow conservation of energy with the production of more flexible fiber (25). 
Hickey’s study leads to the hypothesis that the earlywood is preferentially absorbing energy 
during cyclic compression at low frequencies, and, possibly, at the higher frequencies of refining. 
However, this study does not reveal whether fibers once liberated from wood demonstrate 
preferential energy absorption. 
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Latewood Band Width, mm 
Figure 13. Equilibrium temperature difference between earlywood and latewood (23). 
Thiruvengadaswamy and Ouellet have also seen differences between the earlywood and 
latewood portions of a wood block (24). Cycling at low frequencies promoted widespread 
damage (fractures) within the earlywood zones of the annual growth rings. Higher frequencies 
led to localized damage in the earlywood growth zones. 
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STATEMENT OF THE PROBLEM 
One of the questions raised by the high-energy requirements of the southern yellow pines 
to produce mechanical pulp is whether the fibers in the wood are absorbing the applied energy 
equally. If the fibers are not responding to the applied energy equally, there is the possibility that 
one of the fiber types (probably earlywood by virtue of its thinner cell wall and more flexible 
attributes) is over-refined and broken into fine particles. If this is the case, the latewood fibers 
would then be under-refined and thereby left coarse, inflexible, and uncollapsed. The resulting 
paper would not be as smooth or strong as desired and would require additional energy to 
flexibilize the latewood fibers. Studies have been carried out with wood blocks demonstrating 
evidence of preferential energy absorption by the earlywood fibers (23,24,52), but no studies 
have been reported on energy absorption in fiber aggregates. The relative time the fiber spends 
in the refiner as part of a wood block is small. The single fiber is then continuously in the 
process of joining, leaving, and rejoining fiber aggregates during the rest of the refining process. 




The work of Hickey et al. (23) shows that earlywood absorbs an unequal amount of the 
energy absorption in the early stages of TMP pulping, With the addition of small amounts of 
refining energy, the wood chips are broken down into small clusters of fibers and individual 
fibers. In the refining process, these fibers form large aggregates and the aggregates continue to 
be subjected to cyclic compression as they pass between the bars and grooves of the refiner 
plates. 
The goal of this research is to investigate the distribution of energy absorption between 
earlywood and latewood in fiber aggregates of a southern yellow pine subjected to cyclic 
simulating a disk refiner. The hypothesis is that earlywood fibers within the aggregates 
preferentially absorb energy. If differential mechanical deformation is occurring in fiber 
loads, 
aggregates, it will be demonstrated by greater changes in curl index (a shape factor) per cycle by 
the earlywood fibers. The more energy absorbed, the more the curl index will change within a 
cycle. A direct measure of preferential energy absorption can be obtained by observing a larger 
temperature increase by the earlywood fibers than the latewood fibers during the 
experimentation. This study will also bring cyclic compression studies a step closer to 
frequencies predicted within mill refiners by a factor of 10 (200 hertz versus 20 or 30 hertz). 
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EXPERIMENTAL APPROACH 
Two factors were studied to evaluate the hypothesis of preferential energy absorption by 
earlywood fibers within fiber aggregates: mechanical deformation and temperature change. 
These two factors were chosen as a way to understand the energy balance for the experiments. 
By cyclically compressing a fiber aggregate, work was done on the system. In this case the 
system was the fiber aggregate. Work has been defined as energy that flows in response to a 
driving force other than a temperature difference (53). The piston was applying a force and 
moving and deforming the fibers within the aggregate. The fibers were deformed (changed their 
shape) by the moving piston due to their entanglement with the other fibers within the aggregate. 
Work = Force x Distance (3) - 
Assuming that the force is equally distributed to both the earlywood and latewood fibers, the 
fibers that have a larger change in shape (move) should have absorbed more energy. By 
measuring the fiber deformation, an indirect comparison was made between the energy 
absorption of the earlywood and latewood fibers. 
The second factor measured, temperature change, is a direct measure of energy 
absorption. Energy was applied to the fiber aggregates through the force from the piston in the 
experimental setup. The force caused the fibers and the aggregates to move (distance); therefore, 
work was performed on the fiber aggregates. Because work was done, the fiber aggregates are 
not in their lowest energy state (53). To regain equilibrium, heat must be given off by the 
aggregates, therefore, a temperature change. 
The factor selected to measure deformation was curl index. The experimental approach 
included fiber separation into earlywood and latewood, aggregate preparation, apparatus design, 
imaging devices, and cyclic compression testing procedures. 
The experiments were carried out in four sequential blocks: 
1 . Development of an apparatus to induce and record high frequency cyclic compression, up 
to 200 hertz. 
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2 . Perform the necessary experiments to measure the mechanical deformation distribution 
between mixed earlywood and latewood fiber aggregates ubjected to cyclic compression. 
Experiments were performed at 10,30,50, 100, and 200 hertz. The change in fiber curl 
index per cycle, recorded by regular and high-speed video, was determined. These 
experiments were performed at room temperature at an initial 30% fiber consistency. 
3 . Perform experiments to measure temperature changes by infrared imaging in mixed and 
pure earlywood and latewood fiber aggregates. The experiments were performed at room 
temperature and an initial 45% fiber consistency. 
4 . Statistical analysis for significant differences between earlywood and latewood fibers 
within the aggregate for both changes in curl index (mechanical deformation) and 
temperature used t-tests to compare the average values. 
This plan would have been more like a model refiner if frequencies could have been even 
higher than those tested here. Testing was performed at room temperature because the infrared 
and video images would be obscured by the steam and condensate within a pressurized enclosure 
needed to raise the temperature. 
FIBER SEPARATION AND PREPARATION 
The wood fiber used for these experiments was from one loblolly pine tree (Pinus taeda), 
a representative species of the family of southern yellow pines commonly used as a pulp fiber 
source. A 12”-diameter, four-foot long section of the tree was obtained from Bowater, Inc., in 
Calhoun, Tennessee. The log was cut into one-inch thick disks, and the disks into wedges. Then 
the earlywood and latewood within the growth rings were separated into chips using a hand 
press. All wood chipped was between the 12” and 33rd annual rings. This was done so the 
sample would be from mature wood and also because these rings were wide and easy to separate 
into earlywood and latewood. Each growth ring was separated into three chips: earlywood, 
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transition wood, and latewood. The earlywood and latewood were set aside for refining, and the 
transition chips were discarded. The total mass chipped was 400 g of latewood and 200 g 
earlywood chips, on an oven-dry basis. 
The two sets of chips were refined separately with an Asplund Defibrator D using five 
minutes of atmospheric presteaming. Approximately 20 kWh/t of energy went into the chips so 
that excessive fiber cutting/delamination did not occur after fiber separation. The amount of 
energy was estimated from previous work with the defibrator, where chips were blown straight 
through the refiner. 
After refining, the fibers were classified in a Bauer-McNett classifier using the 4, 14,28, 
and 48 mesh sized screens. The pass 14 and retained on 28 mesh screen fraction was preserved 
for these experiments. This fraction was expected to contain mostly whole fibers (54). 
To preserve the fibers from rotting due to fungal or bacterial contamination until needed 
for testing, a known quantity of fibers was placed in a small heat-sealable bag. Nitrogen gas was 
blown into the bags removing any oxygen and then the bag was sealed. The fiber containing 
bags were pasteurized at 65OC for 75 minutes, and then refrigerated without regard to moisture 
content. Studies have shown that wood subjected to temperatures up to 65OC for relatively short 
periods of time shows no loss of strength or change in elastic properties (3). 
AGGREGATE PREPARATION 
The pasteurized fibers were removed from the refrigerator prior to testing to bring them 
to room temperature. The fibers were removed from the bag, mixed in water, and filtered. The 
fiber consistency was then determined. A mass of fibers (either earlywood or latewood) was 
then stained, depending upon the test. The fiber types (after knowing the consistencies) were 
mixed and brought to either a 30% consistency or 45% consistency, depending upon the 
experiment. After a day for the entire mass of fibers to come to consistency equilibrium, the 
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fibers were weighed out into smaller aggregates for testing. These aggregates were placed in 
small bottles with waterproof lids to keep the fiber moisture constant until testing. 
Some of the separated fibers were stained to ease identification of fiber type during the 
cyclic compression experiments. Two stains were used: Congo Red for high-speed video testing 
and a fluorescent dye, Leucophor B-302 (obtained from Sandoz Chemicals), for infrared testing 
and low-speed video testing. Stained fibers of either earlywood or latewood were added to the 
fiber aggregate, depending upon the test. There was no evidence of dye transfer fiber to fiber 
during any of the experiments with either of the stains. 
Fiber Aggregate Fiber Type Distribution Determination 
The fibers collected on the pass 14, retained 28 mesh screen were used for all 
experiments. These were mostly separate fibers with few broken ends. The fibers were analyzed 
for fiber length and diameter (Appendix 1) to see if a reasonable separation of the fiber types 
occurred. The earlywood and latewood fibers were then recombined into the approximate 
proportions found within the tree: 50 percent earlywood and 50 percent latewood by mass (Table 
1). This was determined by experimentation. A narrow (5 mm) wood slice was taken through 
the center of the log used for the fiber source, and each ring present was divided into either 
earlywood or latewood. The small chips were oven dried and weighed and the percentages 
calculated. 
Table 1. Mass percentages for earlywood and latewood fiber source. 
SAMPLE Mf4SS (ia PERCENTAGE 
Juvenile EW 0.828 52.9 
LW 0.737 47.1 
Mature Middle EW 1.354 51.1 
LW 1.296 48.9 
Mature Outer EW 0.45 1 45.1 
LW 0.548 54.9 
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Fiber Aggregate Mass Determination 
The mass of fibers used in these experiments mimics the expanded density of a fiber 
aggregate present on the bars within a refiner. This mass was determined by a small study using 
a 12” Sprout Waldron atmospheric refiner, available at IPST. Loblolly pine chips were fed into 
the refiner, and when good loading occurred, the refiner was stopped and opened. Fiber 
aggregates were removed from the bars on the refiner plates, and measured for length, width, and 
depth to get volume. The bundles were then air dried, and the density calculated (Table 2). This 
was tested for both the first and second passes of the pulp through the refiner. The density will 
actually be less than calculated, due to the mass measured on air-dried, not oven-dried, samples. 
The average density of the second pass fiber bundles was used for most of this experimentation. 
A recent study has imaged fibers within a refiner and these aggregates are visually of similar 
densities to the aggregates used in these experiments (55). Actual fiber aggregate density is still 
not known because a fiber aggregate can not be removed from the refiner while pressurized. 
Table 2. Density determinations of fiber bundles. 
Sample number Mass ($9 Volume (cm3) Density (g/cm3) Average 
Density 







Second Pass - 0.030 inch plate gap 
0.678 4.73 0.144 
0.168 0.88 0.190 
0.436 6.00 0.073 
0.219 1.35 0.162 
0.157 1.41 0.111 





7 0.083 1.00 0.083 
8 0.132 1.00 0.132 
9 0.037 0.38 0.097 
10 0.092 1.88 0.049 
11 0.119 2.25 0.053 







The cyclic compression device developed for the majority of the testing was adapted 
from components of other systems. The major components are a model FG2A Circuitmate 
function generator, a model Pro-l 500 Hafler amplifier, a model V-203 electromagnetic vibration 
generator (shaker or exciter), a model 120%4C2-0 Danly die set, plane sapphire window, and an 
IPST manufactured piston and an acrylic block (Figure 14) (Appendix 2). The function 
generator, amplifier, and the s aker were purchased as a system from Ling Dynamic Systems, 
Yalesville, Connecticut. 
The function generator was set to produce a sine wave pattern. The frequency and 
amplitude of the compressions were established and the output of the function generator was 
connected into the mono input of the amplifier. The amplifier was wired to the shaker with 
polarized speaker wire. The pulse output of the function generator was monitored by an IPST 
manufactured counting device. This device counted each cycle and, at a specific number of 
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Figure 14. Schematic for cyclic compression device (not to scale). 
Electrodynamic shakers generate force by the interaction of a current flow in a DC 
magnetic field. The DC magnetic field is typically generated by an energized field coil 
embedded within a massive iron structure (the shaker body). A power amplifier supplies the 
current and voltage to the shaker. The shaker selected for this study is capable of oscillating at 
frequencies between 10 and 200 Hz, while moving the piston in a sine wave with peak-to-peak 
amplitude of one millimeter. 
Maximum frequency with a one millimeter peak to peak amplitude was determined using 
the equations for sinusoidal motion (Table 3). The calibration of the amplitude was done using a 
Keyence laser triangulation device and oscilloscope. The Keyence unit has a light-emitting 
element and a position-sensitive detector. The light emitting element focuses on the target and 
the emitted light reflects into the detector. As the target moves, the beam spot also moves. The 
displacement of the target can be determined by detecting the movement of the beam spot, which 
is displayed as a millivolt reading on the oscilloscope. The millivolt readings of the total 
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possible peak-to-peak displacement of the piston were read. Knowing the maximum possible 
stroke of the shaker was 5mm, the number of millivolts for a lmm peak-to-peak amplitude was 
calculated. Limit lines were then set on the oscilloscope, and the amplitude button on the 
function generator was adjusted so the sine wave from the function generator would fill the limit 
lines. This was done for each test frequency and the function generator was marked where the 
amplitude button was to be placed for each frequency. Amplitudes were checked three times 
during the testing period with little variation between calibrations. 
Table 3. Sinusoidal motion equations (56). 
g (peak)= 0.0511 f!D (4) - 
D = (19.56 / P) g (peak) (5) - 
where: f = frequency (Hz or cycles per set) 
g = acceleration due to gravity (9.8 m/set*) 
D = displacement (peak-to-peak amplitude) 
The sample cell was fabricated at IPST. It was constructed from a block of acrylic with a 
rectangular groove of one square centimeter by 25 centimeters tall machined from the 
of the acrylic block. The groove was covered with a sapphire window for viewing the fiber 
aggregate during the compression sequence. Sapphire was chosen for the window due to its high 
transmittance of visible and infrared light, its strength, and its imperviousness to water. The 
sapphire window was purchased from Infrared Optical Products and had a diameter of one inch 
and a thickness of one millimeter. The shaker and acrylic block were bolted to the die set. The 
die set was chosen for both its mass and parallel plates. The shaker had a piston attached to the 
moving coil, thereby moving the piston up and down within the acrylic block. The piston was 
made of aluminum for ease of machining and low mass. The piston was two inches long with a 
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square cross section of 0.8 cm, leaving a one mm gap on either side of the piston to the sample 
chamber wall. The piston was machined to be smaller than the sample area to minimize pressure 
changes as the piston oscillated up and down. 
IMAGING DEVICES 
Three different imaging devices were used for this study. Two S-VHS video recorders 
were used to collect data on mechanical deformation. An infrared camera was used to measure 
temperature differences between the fibers. 
The initial experimentation used a regular Panasonic 5 100 30-hertz color video camera. 
The camera was attached to a low magnification, Bausch and Lomb dissecting microscope with a 
video adapter from Edmund Scientific in one of the ocular tubes. A fluorescent stain (Leucophor 
B-302) was applied selectively to either fiber type, and the stained fibers mixed into the 
unstained fibers. The imaging sequence was recorded in a darkened room to maximize the 
contrast for the light fluorescing from the stained fibers. A Spectronics high-intensity UV lamp 
was used to excite the fluorescent stain in these experiments. The cycling sequence was recorded 
to S-VHS videotapes. 
High-speed video was required for high frequency studies of mechanical deformation. A 
1000 HRC Kodak Ektapro Motion Analyzer was used in these experiments and Congo red stain 
was used on the fibers to identify fiber type. An Elicar VH-Q macro lens with a 2X-lens 
extender was used to image the fibers. This system had enough memory to store 1364 images 
and imaging rates of 250,500, or 1000 frames-per-second for full size images. The images were 
then transferred to S-VHS videotape. 
The infrared testing was performed at Oak Ridge National Laboratory using an Amber 
Galileo infrared imaging system. The camera has a 256 x 256 staring focal plane array with a 
maximum framing rate of 120 Hz. The temperature resolution is 0.025OC at 23OC. A 4X 
microscopic lens from Amber Raytheon was used to magnify the fibers for optimal spatial 
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resolution. Before testing began, a two-point external source correction was done on the focal 
plane array. The camera captured up to 200 images in a sequence (real-time acquisition of 
contiguous data). A counter device was used as a trigger for the infrared camera. After imaging, 
a linear two-point calibration curve was applied to each image selected for analysis to convert the 
data into temperatures. The images were saved on computer CDs or Zip discs. 
Mechanical Deformation - Experimental 
Low-Speed Video Experimental Technique 
Initial tests were done at low frequencies (10 and 30 Hz) to see if there were any 
problems with the fiber sample holder, fiber bundles, or imaging systems. This initial testing 
A  A  
was completed using an MTS servo-hydraulic testing system. The engineering drawings in 
the MTS for this testing purpose. An acrylic block holding a 
used to hold the fiber aggregates, and the Panasonic video recorder 
Appendix 3 are for modifying 
spectrophotometric uvet was 
was used to record the compression sequence. Five percent by mass of the fiber aggregate was 
stained with the fluorescent stain and a Spectronics ultra violet lamp with a spot adapter shield 
supplied the only illumination. When the image was viewed, only the stained fibers were readily 
apparent. 
The testing was carried out for 10,000 compressions. The average retention time for a 
fiber in a refiner was approximately one second (37). With typical bar crossing frequency of lo4 
Hz, the maximum number of compressions a fiber should experience would number in the 
10,000s (37). 
Initial testing was performed at 10 and 30 Hz using three aggregate densities and with 
either stained earlywood or latewood. The three densities of fiber aggregates tested were 0.084, 
0.105, and 0. 140g/cm3. This was performed to determine if aggregate density affected the results 
of the experiments. Fiber aggregate density was determined by how far the piston was lowered 
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into the sample cell before testing. The three densities had the piston lowered to give the 
aggregate a starting height of five, four, and three millimeters, respectively. All testing used a 
one-millimeter peak-to-peak amplitude (stroke) distance. 
Video Image Analysis 
The images selected for analysis were the 0, 1, 10, 100, 1000, 1 O,OOO* cycle, and each 
half-stroke after. Selected fibers were analyzed for curl index using OPTIMAS image analysis 
software. Curl index is the ratio of the true length of a fiber to its longest projected dimension 
minus one (Figure 15) (57). Therefore, a straight fiber will have a curl index of zero and the - 
greater the fiber deviation from a straight line, the greater the curl index. The curl index macro 
recorded true fiber length by tracing the pointer (cursor) over the length of the fiber. The longest 
projected dimension was determined by fitting the traced fiber within the smallest possible 
diameter circle. The diameter of the circle was then the longest projected dimension. 
1 = projected 
Curl index = (L/l) - 1 
Figure 15. The measurements and formula for curl index (57). 
Nine fibers from a single image were measured ten times to determine the reproducibility 
of this technique (Figure 16). 
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Figure 16. Reproducibility of the image analysis technique for curl index. The error bars show 
&95% confidence limits. 
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Due to the friction between the fibers and the sample cell, there was concern whether the 
imaged fibers (those on the edge of the fiber aggregate) behave the same as those in the center of 
the aggregate. At a consistency of 30%, the fibers preferentially adhered to the rest of the 
aggregate and not the wall or window of the sample holder. Fibers that appeared to be adhering 
to the sample window were not selected for measurement of curl index. These fibers were easy 
to detect because they did not move with the rest of the aggregate. . 
A t-test was used to determine whether there was any statistical difference between the 
average absolute value change in curl index for the earlywood and latewood fibers. 
High-Speed Video Experimental Technique 
Final testing for fiber mechanical deformation used the electromagnetic shaker device and 
was carried out at frequencies of 10,30,50, 100, and 200 Hz using an aggregate density of 0.084 
g/cm3 (a 0.042 g OD in 0.5cm3). The testing at 10 and 30 Hz was duplicated to determine 
reproducibility between the shaker apparatus and the MTS. Otherwise, testing was identical to 
the previous study using the MTS, other than the differences necessary due to use of the high- 
speed video system. These were the use of Congo red stain instead of the fluorescent stain, and 
performing the imaging in two stages due to the limited memory of the high-speed video system. 
The fluorescent stain did not work with the high-speed video camera because it required more 
light than the low-speed video camera. 
The Kodak high-speed video system has enough memory to store 1364 images, but the 
slowest imaging rate was 250 frames per second. Due to the limited amount of memory, the 
imaging sequence had to be divided into two sections for recording. The first 200 cycles were 
recorded using the video system in the record mode and the images from 100 to 10,000 were 
recorded in record re-trigger mode. A counting device between the frequency generator and the 
camera triggered the camera for the record re-trigger mode. At every lOO* cycle, the counter 
triggered the camera to take approximately 14 images (enough images to record the piston at its 
highest and lowest point within the compression cycle). 
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The data , 
experiments. 
analysis was performed in the same manner as for the low-speed video 
Thermal - Experimental 
The thermal distribution was examined to determine whether the earlywood or the 
latewood fibers were absorbing energy in the compression cycling. This energy is from the 
hysteresis loop of a stress-strain cycle for a viscoelastic medium (30,41,58). Some of this 
absorbed energy is used in permanent plastic deformation and the rest is transformed to heat. 
The testing for thermal distribution was similar to the mechanical deformation testing with the 
high-speed video system. 
The infrared camera could capture up to 200 images in a sequence (real-time acquisition 
of contiguous data). Therefore, the images had to be generated in two phases. The first phase 
collected one image of the first 200 cycles and the second phase collected a single image from 
cycle 100 to 10,000 but only every 100th cycle. 
The fiber consistency had to be raised to 45%. At 30% consistency, when the fibers 
touched the sapphire window, the water blocked the infrared energy from reaching the camera. 
Aggregates were weighed out prior to traveling to Oak Ridge National Laboratory 
(ORNL). The samples were conditioned for 24-48 hours for temperature in sealed bottles before 
testing. A ‘snapshot’ of the aggregate within the sample holder was taken before the testing 
began. The aggregates were then compressed following the same procedures as for mechanical 
deformation. Four aggregates were tested at each frequency and stained fiber type. The fiber 
aggregates were tested and weighed at ORNL, oven dried at IPST, and then reweighed to 
determine what the actual consistency was before and after testing. This was performed to 
ascertain whether the fiber temperature could be changing due to evaporational cooling. 
The images were all converted to temperature and saved as .fts files at OWL. The .fis 
files were then imported into Spyglass Transform where selected images were analyzed. Most of 
41 
the files were then saved as ASCI II files and imported into Labview for temperature analysis. 
Temperature measurements were collected on selected fibers within the images. Ten temperature 
observations per fiber were averaged to determine the temperature of a selected fiber. 
Temperature difference for each fiber was determined by comparison with the initial average 
temperature of that fiber. A t-test was used to determine whether there was any statistical 
difference between the average temperature change of earlywood and latewood fibers at the same 
frequency. 
A single image with 10 fibers was measured ten times to determine the reproducibility of 








The experiments used three different cameras to record the images to either S-VHS video 
tape or digitally. Each camera was used to record the most information for a particular 
frequency. Table 4 has the camera recording frequency used for each piece of equipment at a 
particular cycling frequency. 
Table 4. Cycle frequency vs. image frequency. 













MTS Panasonic video 
MTS Panasonic video 
Shaker Amber Galileo 
Shaker Amber Galileo 
Shaker Amber Galileo 
Shaker Amber Galileo 
Shaker Amber Galileo 
Shaker Kodak high speed 
Shaker Kodak high speed 
Shaker Kodak high speed 
Shaker Kodak high speed 













The spatial resolution of the infrared digital camera was greater than the cameras that 
recorded their information onto video tape. The Amber Galileo camera had approximately four 
pixels per 30 microns (about four pixels per fiber width). The S-VHS video tape (with 
approximately 480 lines of resolution) had about a 10 mm* image recorded on it. This gave a 
spatial resolution of about 20 microns per line. 
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Thermal Fiber Type Differentiation Technique 
The technique used for fiber type identification during the mixed aggregate infrared 
testing used the Leucophor fluorescent stain. Stained earlywood or latewood was mixed 50/50 
by mass with the opposite unstained fibers before testing. The fiber aggregates were brought to a 
consistency of about 45%. The aggregates were tested and the sequence of images taken with the 
infrared imaging system. 
After testing, a single ‘snapshot’ image was taken without changing the final position of 
the fibers within the aggregate holder. Immediately after this image was acquired, another image 
was taken of the same aggregate but with ultra violet light focused on the fibers. The fibers 
without stain had larger temperature increases than the fibers with UV stain due to the lack of an 
efficient mode of radiating the energy absorbed from the UV lamp. 
The difference was noted between the images with and without UV lighting, and the 
fibers with the larger differences were declared unstained. A test was performed to confirm this 
with stained and unstained fibers of either all earlywood or latewood in the same image, but 
separated on opposite sides of the sample holder. Figure 18 shows the difference of the images 
with and without the UV light. The fibers on the right of the image were stained while those on 
the left were not stained. The same holds true for the earlywood fibers. 
Starting with the final image, the fibers were identified as earlywood or latewood, using 
this technique to identify the fiber types. Then in reverse order in the compression sequence, the 
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Figure 18. The difference (in intensity units) with the UV image subtracted from the pre- 
irradiation image baseline. The intensity difference between -85 and -40 is 1.1 OC. 
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RESULTS AND DISCUSSION 
MECHANICAL DEFORMATION - MTS 
The first phase of the study of mechanical deformation of the fibers used the MTS servo- 
hydraulic testing apparatus modified for a small piston oscillating within a spectrophotometric 
cuvet. When work is applied to the fiber bundle, energy is absorbed by the flexing of the 
individual ‘fibers of the aggregate within the cycle. A measure of mechanical deformation is 
obtained by determining the absolute difference of curl index within the cycle, measured when 
the piston reaches its highest and lowest points. Absolute difference was selected because it 
doesn’t matter whether the fiber is straightened, curled, or kinked from the energy absorbed by 
the fiber. The data seen in Figure 19 show the difference between using the average curl index 
(the true average of all data at that cycle) and the average absolute change in curl index within a 
cycle. From this point onward, A curl index refers to the average absolute difference of curl 
index within a cycle for all fibers measured at that frequency at a specific cycle number. For 
example, a set of data taken from earlywood fibers at 30 hertz and the average absolute 
difference in curl index between the 1 OOth and 1 OO- l/2 cycle. 
Average Curl Index = SUmi (Curl Index piston hi&) / n whereas , (6) - 
A Curl Index = SUm, 1 Curl Index piston high - Curl Index piston l0W 1/ n, (7) - 
If there is a statically significant difference between the two fiber types using the A curl 
index method, this then supports the hypothesis that there is preferential energy absorption by the 
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Figure 19. Difference between average curl index and average absolute difference of curl index 
within a cycle. 
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Fibers that shifted out of view or adhered to the viewing window during the cycling 
sequence were not included in the data pool. Multiple runs of each testing condition were 
performed to get curl index data for a minimum of 10 fibers (except at 200 Hz where there were 
problems with the equipment). 
The MTS could only be used at the two lowest frequencies due to the high amplitude 
(one-millimeter peak-to-peak) chosen for the study. At this amplitude the machine could not 
control a sine wave greater than 30 hertz. Data taken at 10 hertz did show evidence of 
preferential energy absorption by the earlywood fibers (Figure 20 - the error bars are k 95% 
confidence limits). The results of the t-tests as shown in Table 4, (see Appendix 4), confirm that 
at all but 10,000 cycles there is a high probability that the two average absolute differences in 
curl index within cycles are different for earlywood and latewood (H,: pe = ~1, a = 0.05). 
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Figure 20. Change in curl index - 10 Hz, 5mm, MTS. 
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At 30 hertz, with the same aggregate density, there was evidence of preferential energy 
absorption by earlywood fibers, but only at the 90% confidence level for a couple of the 
measured cycles (Figure 60, Table 5). When the lo- and 30-hertz data are plotted together, the 
viscoelastic behavior of the fibers becomes evident (Figure 22). The higher the frequency, the 
less the fibers seem to change in curl index within cycles. This was apparently due to the fibers 
not having enough time to 
applied. 
recover from one compression before the next compression was 
Some experiments 7 were extended after the compression cycles stopped to see how 
quickly the fibers recovered from the applied stresses. This was done using the MTS setup, 10 
and 30 Hz frequencies, earlywood and latewood stained aggregates, and cycling stopping after 10 
or 1000 compression cycles. The 10 hertz data can be seen in Figure 2 1. There is still a 
significant amount of fiber movement after one second, which further reinforces the assumption 
of the fibers being prestressed prior to the application of the next compression. The 30 hertz data 
showed similar results. 
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Two studies were carried out at 10 and 30 hertz to measure the effect of aggregate density 
on change in curl index. The spacer in the cuvet was raised from the normal distance of 5mm 
(between the spacer and the bottom of the piston before cycling) to 4mm and 3mm prior to 
cycling. The rest of the study was carried out the same as before. At 10 hertz, a noticeable drop 
occurred in A curl index between the 5mm data and the 4 and 3mm data (Figure 23) due to the 
increased density and less void volume in the aggregate. There was no observable pattern or 
difference in the data between the 4 and 3mm averages (Figure 61-64). The difference between 
earlywood and latewood at these new aggregate densities is not statistically significant (Table 6). 
, At 30 hertz the result was the same, but without the large drop in average A curl index with 
increased aggregate density (Figures 24,65068, Table 7-8). The difference due to increased 
frequency of cycling was slight for these aggregates with higher density, but the A curl index for 
latewood appeared to be greater than A curl index for earlywood at these densities (Figure 67. 
70). At the highest aggregate density, the fibers may be hindered in their flexing due to 
increased fiber bonding and entanglement. This hypothesis agrees with the observation of the 
fiber aggregates upon removal from the cuvet. After the 3mm cycling, the fiber aggregate stayed 
compacted and did not recover while drying on the lab bench the way the other two density 
aggregates did. 
To summarize the results of the low frequency work using the MTS, there does seem to 
be some preferential energy absorption by the earlywood fibers. The energy absorption appears 





























Figure 22. Comparison of 10 and 30 Hz change in curl index - 5mm, MTS. 
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Figure 23. Change in curl index - 10 Hz, MTS (EW-5 means stained earlywood aggregates at an 
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Figure 24. Change in curl index - 30 Hz, MTS. 
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SHAKER 
The second phase of the studies used equipment developed to cyclically compress the 
fiber aggregate at higher frequencies than the MTS. A small electromagnetic shaker, amplifier, 
and function generator eplaced the MTS and the spectrophotometric uvet was replaced with an 
acrylic block with a sapphire window. The shaker was capable of moving the piston in a one- 
millimeter peak-to-peak amplitude at all frequencies up to 200 hertz. The piston position at the 
start of testing was estimated to be in up or uncompressed point of the cycle relative to the 
aggregate. Testing was increased to include the second and fifth cycle’s absolute change in curl 
index to see the shape of the slope between the first and tenth cycle. 
At 200 hertz, difficulties occurred resulting in shorting out the amplifier and then 
breaking the armature of the shaker (apparently due to the large amplitude at a high frequency). 
Therefore, the amplitude for this part of the study was adjusted to approximately 0.5rnm. 
The shaker movement is not as precise as the MTS. It had a tendency to stay in the down 
stroke slightly longer than the frequency generator dictated it should. This extra time in the first 
down stroke increased with higher frequencies. Within a couple of cycles, the shaker would 
move with the set frequency and amplitude. 
The lO-hertz data using the shaker again showed a significantly larger average absolute 
difference of curl index for earlywood fibers compared to latewood fibers (Figure 25, Table 8). 
The measured values of A curl index were not as high as observed with the MTS equipment, but 













Figure 25. Change in curl index - 10 Hz, Shaker. 
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e 30-hertz data values were lower than those at 10 hertz and there was no significant 
difference between the earlywood and latewood fibers for A curl index (Figure 26, Table 9). 
Again, the values for A curl index were lower with the shaker equipment han those of the MTS. 
The values for the shaker versus the MTS were graphed at each specified cycle at 10 and 
30 hertz (Figure 27). These graphs show various levels of correlation of the data between the 
shaker and the MTS. The slopes at 10 hertz are low but very 
were higher. This difference was probably due to the greater 
similar, and the slopes at 30 hertz 
initial controllability of the MTS. 
The slightly longer time in the first down stroke may have given the fibers adequate time to form 
more entanglements and bonding between each other, thereby inhibiting flexing of the individual 
fibers. 
The 50-, 100. and 200-hertz data show that no significant differences occur in A curl 
index between earlywood and latewood fibers (Figures 7 l-73, Tables 1 O-l 2). These data seem to 
suggest hat at higher frequencies, such as frequencies found in a refiner, there was no significant 
difference in mechanical deformation or energy absorption between the earlywood and latewood 
fibers. Looking at Figures 28,74-75, the trend due to higher frequency is seen. At lower 
frequencies there was greater deformation than at higher frequencies, due to the viscoelastic 
nature of the wood fibers. The fibers exhibit a need for time to recover from one compression 
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THERMAL EXPERIMENTS 
The thermal studies were all completed with the shaker equipment. An experiment was 
performed with small pieces of wood (toothpicks) to make sure there was a recordable 
temperature change, bridging the size difference between wooden blocks and fiber aggregates. 
Final studies were carried out on aggregates: mixed samples at 45% consistency, pure samples at 
45% consistency, pure air-dried samples, and pure samples at 45% consistency with the piston 
cycling without touching the aggregate. The temperature differences were measured with the 
Amber Galileo infrared camera at Oak Ridge National Laboratories. 
Small Wood Particles 
These wood samples were from either the earlywood or latewood bands of a loblolly 
pine, with dimensions of approximately lmm x lmm x 9mm. The wood samples were all fully 
saturated with water and then placed in a small aluminum holder within the acrylic block (Figure 
29). The sapphire window was removed in order to focus the IR camera on a sample placed in 
the middle of the acrylic block. The piston was modified to a single bar where it touched the 
wood sample to give a three-point bending test. The amplitude was decreased to 0.5 mm because 
the wood samples broke at the higher amplitude. It was cycled at 10 hertz for 100 seconds with 
an image collected every second. The data were analyzed at ORNL using the IR camera 
software. 
l 1 1 
Figure 30 shows the average differences in temperatures recorded during this time 
interval, while Figures 76-77 show the individual data for the three samples of both wood type 
tested. As can be seen, a small half-a-degree Celsius temperature rise is seen with both the 
earlywood and latewood samples, confirming that the IR camera can detect the heating of wood 
particles. The temperature rise is not as large as Hickey observed with the wood blocks due to 
the smaller size particles. The size of the particle has an effect on the heat transfer rate (59) due 
to the amount of surface area per unit of mass. A smaller particle has a larger surface area than a 
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Figure 30. Change in temperature - average earlywood and latewood wood samples. 
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Fiber Aggregates 
Mixed Aggregates at 45% Consistency 
The initial study on the thermal history of cyclically compressed fiber aggregates 
demonstrated a need for drier consistency than the testing for curl index. At 30% consistency 
there was too much surface water and when a fiber touched the sapphire window water remained 
on the window and blocked the transmission of the infrared energy. Therefore, all IR studies 
were completed with fiber aggregates at 45% consistency. This consistency is still within the 
range found in mechanical pulping refiners (17). 
This study used fiber samples with mixed fiber type. The fibers were identified by type 
using a fluorescent stain. 
The study performed at 10 hertz showed an overall lack of statistical significance of 
temperature change between the two fiber types (Figure 3 1, Table 13). It is interesting to note 
that the first cycle did show a significant difference between earlywood and latewood fibers, with 
the earlywood having a larger temperature rise. After the first cycle the temperature dropped to 
below the initial temperature and then slowly rose until approximately the 500th cycle, followed 
by a large drop in temperature at 10,000 cycles. This temperature rise between the fifth and 
500th cycle was more pronounced with the earlywood fibers. 
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Figure 3 1. Change in temperature - mixed aggregates, 10 Hz. 
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At 30 hertz the same overall trend was seen but with a very small drop in temperature as 
soon as cycling began (Figure 32, Table 14). At 30 hertz there were no cycles where there was a 
significant difference in change in temperature between the two fiber types. The curves were 
best fit with a polynomial, but a difference between earlywood and latewood was seen in the later 
cycles. The temperature began to drop more quickly with the latewood fibers. 
At 50 hertz the temperature again dropped immediately upon start of cycling (Figure 33, 
Table 15). The decrease in temperature difference was larger, and the rise was slower with the 
earlywood fibers (after the first cycle) until the 200 cycle. There was a 90% statistical difference 
between the two fiber types at the 10th cycle indicating the latewood is hotter. The change in 
temperature leveled out and then began dropping much earlier for the latewood fibers (there is a 
significant difference between the 200 and 500 cycles change in temperature). The best-fit 
curves show this longer ‘increase’ and later decrease in temperature. 
The lOO-hertz data are very similar to the 50-hertz data, but with no significant 
differences between the two data sets (Figure 34, Table 16). Earlywood decreased in temperature 
longer before starting to heat, but continued heating longer into the compression sequence. Other 
than the initial cooling, the latewood data could almost be fit with a hnear curve. 
The 200.hertz data are presented in the Appendix. This data set had some problems due 
to its high frequency. The fibers were hit by the piston fast enough that the water within the fiber 
was shaken out and sprayed on the sapphire window. This made analyzing the fibers for type 
w-- impossible to differentiate. 
_ .. Another possible explanation for the lack of preferential energy absorption by the 
earlywood fibers is that maybe within the fiber aggregate the latewood fibers form a supporting 
network that the earlywood fibers cannot bridge or support. Therefore, when a force is applied to 
the aggregate, the latewood fibers are actually absorbing more energy than the earlywood fibers. 
This possibility can also be dismissed by looking at the thermal data and observing no signs of 




Figure 32. Change in temperature - mixed aggregates, 30 Hz. 
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Figure 34. Change in temperature - mixed aggregates, 100 Hz. 
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The complete set of data for this initial mixed aggregate testing is shown in Figures 35-36 
(except for 200 Hz). Up to approximately 1000 cycles, the fibers follow a similar trend, 
regardless of type or frequency. After 1000 cycles, fiber type and frequency show their effects. 
Earlywood fibers show signs of continued heating with increased frequency. This is similar to 
Hickey’s findings (23). Earlywood took longer to reach the plateau temperature, and that 
temperature was higher than the latewood fibers’ temperature. Figures 34-35 show the point-to- 
point fit and best-fit polynomial (second order) curve for the earlywood fibers. The latewood 
curves (Figures 37-38) follow a similar trend but with less temperature increase between cycles 5 
and 1000. The curves definitely follow the trend of a larger initial temperature drop and a longer 
temperature rise with increasing frequency. 
The decrease in temperature after approximately 1000 cycles is thought to be from the 
forced convection and evaporation that occurs within the cuvet when the piston is moving. At 
this point the fibers appear to be losing their viscoelastic heating capabilities and the effect of 
evaporation and convection overwhelm any heating. 
Figure 39 shows the correlation between the earlywood and latewood temperature change 
at a specified cycle and frequency. The slope decreases with increasing frequency meaning that 
the latewood absorbs more energy and earlywood absorbs less at higher frequencies, probably 
due to latewoods’ stiffer fibers with better recovery capabilities. 
Figure 40 has the correlation graphs between the change in temperature and change in 
_ .. 
curl index for fiber type at a specified frequency and cycle number (all experiments using the 
shaker equipment). There is little correlation between them. Because the temperature did not 
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Figure 35. Change in temperature - mixed aggregates, Earlywood, point to point. 
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Figure 40. Correlation between change in temperature and change in curl index for a specific 
fiber type and frequency. 
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Pure Aggregates at 45% Consistency 
Experimentation was also carried out to see the impact of aggregate makeup (mixed fiber 
type or pure aggregates) and whether the same trends and temperature changes occurred. The 
same procedures were followed as before, other than the fiber aggregates were either all (pure) 
earlywood or latewood, and testing was done at 10,50, and 100 hertz. 
The results are very similar to the initial infrared data set (Figures 41,78-82, Tables 17, 
19). The best-fit curves follow the same trends, and the t-tests show very little significant 
difference between the fiber types. Temperature decreases initially, followed by a slow 
temperature rise, and then a fast decrease after approximately 1000 cycles. The effect of 
frequency is seen at the cycles between 1000 and 10,000. Ten-hertz fibers cool sooner than do 
the higher frequencies, as seen with the mixed aggregates. 
The earlywood data show a very good correlation between the two data sets, but the 
latewood (other than at 10 hertz) is weak (Figure 42). The difference is probably due to the 
technique used in determining sample size. Even though the samples were the sample mass 
(density), the pure latewood aggregate took up less volume within the cuvet compared to a mixed 
fiber aggregate. This is due to fewer fibers per gram of latewood compared to mixed or pure 
earlywood samples (59). After the first few compressions, the aggregate compressed to the point 
where it did not get much stress with each cycle. 
In five of the six correlation graphs, the slope of the linear curve-fit is greater than one. 
.-. This states that the fibers in the pure aggregates were hotter than the fibers in the mixed 
-- _ -_ -_ aggregates. By being hotter, the pure aggregates absorbed more energy and more energy 
absorption equates to more flexible fibers for paper-making. 
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Figure 41. Change in temperature - pure aggregates. 
80 












-0.040 -0.030 -0.020 -0.010 o.ooo 0.010 
I Experiment 1 
0.050 c~rrrrrrr..rr..~rrr...~~~.~..rrr..rrc....rrc..r"~..~~~~~..~..~.~rrrce..r..rr..ccr..r~~~..~,~ < t , 





y = 1.6643x -  0.0128 
-0.250 
-0.150 -0.100 -0.050 0.000 0.050 
Exptriment 1 
y = 1.3917x -  0.0054 




Figure 42. Correlation of initial mixed aggregate IR study to pure aggregate study. 
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Pure Aggregates - Air Dried 
Another set of testing was completed to record the thermal history of samples that had 
reached moisture equilibrium with the environment. These experiments were performed to 
eliminate evaporation and its cooling effect from the fibers. Samples were conditioned for 48 
hours in an open container at room conditions: approximately 60% relative humidity and 25OC. 
The samples were treated the same as the mixed and pure aggregates, but were only tested at 10 
and 50 hertz up to 2000 cycles. This testing was performed on pure samples of latewood fibers. 
The data from the 10 and 50 hertz testing are presented in Figures 43 and 83. As can be 
seen the fiber aggregates do increase in temperature when evaporation is eliminated. The 
difference between these two frequencies is very significant after approximately 200 cycles 
(Table 20). The 50-hertz aggregate reached the plateau temperature quickly, but the lo-hertz 
aggregate temperature is still climbing at 2000 cycles. Apparently, the dynamic modulus has not 
decreased as much as the damping capacity has increased, referring to relationship 2 for 
temperature increase to occur in deflection-controlled testing. 
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Figure 43. Change in temperature - pure, air-dried. 
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Pure Aggregates at 45% Consistency, Cycling Above Aggregate 
This study was carried out to evaluate the effect of evaporative cooling with no fiber 
work involved. Pure latewood aggregates were placed into the acrylic block. The fiber mass 
was initially crushed to just beyond the lowest point the piston would reach in its cycling. The 
piston then cycled above the fiber aggregate, and images were collected at 100, 500, 1000, 5000, 
and 10,000 cycles. 
The data show that without fiber work performed on the 
intermediate heating occurring (Figures 44, 84). The cooling is 
aggregates, there is no 
achieved through two modes: 
evaporation of some of the moisture in the fibers and forced convection from the air being 
pumped through the fiber mass by the movement of the piston. The assumption is that the fibers 
cool at a rate that slows due to attaining moisture equilibrium with the air present in the acrylic 
block. The impact of frequency on a per cycle basis is small but the cooling is larger with a 
higher frequency. The difference in the temperature between the two frequencies is significant at 
500 cycles (Table 21). When looking at the same data on a time basis, the differences appear to 
be much greater (Figure 84). This is probably due to the speed at which the 50-hertz cycling is 
forcing air through the fiber mass. 
Evaporative cooling was expected after analysis of the initial thermal study. If this were 
discounted, the temperature of the initial thermal study, that study would have shown an increase 
instead of having a negative temperature change (Figure 45). This was concluded from data 
/ taken from latewood aggregates that were weighed, compressed for a number of compressions, 
- -- _ removed from the sample chamber, and reweighed. The theoretical temperature increase was 
calculated from the normalized water lost per cycle for both 10 and 50 hertz for a 0.042 gram 
aggregate at 45% consistency. The amount of energy required to evaporate this amount of water 
was calculated, and that amount of energy was applied to the aggregate under the assumption that 
the saturated fmbers would have a specific heat similar to water. The temperature rises higher 
with the lower frequencies. This is consistent with the idea of the higher frequencies having 
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smaller hysteresis loops and less energy absorbed due to the strain not being completely removed 
between cycles and the next stress cycles starting from a prestrained position. 
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Figure 44. Change in temperature - pure latewood, no fiber work. 
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Evaporation Study without Cycling 
A three-phase experiment to understand when, where, and how much water was being 
lost due to evaporation was also undertaken. The first phase was to see how much evaporation 
could occur in the fiber aggregate in the cuvet with the piston in place but static. The second 
phase was to ascertain how much water could evaporate from the fiber aggregate if left in an 
uncovered weighing dish. The third phase was to find out how much water was lost by moving 
the fiber aggregate from the sample bottle to the acrylic block and back to the sample bottle. 
Phases one and two introduced a new factor - some of the aggregates were saturated in - 
polyethylene glycol (PEG, MW=200) to hinder evaporation at room temperature. 
The amount of water evaporated with the fibers in the cuvet and piston in place was 
extremely small for both the regular fiber aggregates and the aggregate with PEG (Figure 46). 
The regular aggregate only lost approximately O.OOlg of water in 20 minutes. The PEG sample 
lost one-tenth of that amount in the same amount of time. Therefore, little water would 
evaporate without cycling the piston. A spectrophotometric cuvet was used in place of the 
ic block in this experiment because its mass was smaller, so the balance could measure the 
difference in aggregate mass. 
The amount of water evaporated in an uncovered weighing dish in stagnant air was much 
larger than in phase one (Figure 45). The regular aggregates lost approximately 0.019 g of water. 
This amount of water would theoretically require a temperature change of almost 10°C if all the 
energy to evaporate the water carne from the fibers. The PEG samples also lost more water than 
before (0.004 g). This is probably due to incomplete exchange of the water for PEG in the fiber 
sample. 
The third phase of testing in this evaporation study was simply to measure the loss in 
mass that occurred while taking the fibers to and from the sample bottle (Figure 46). The second 
mass was measured two minutes after the initial weighing in the sample bottle for continuity. 
The aggregate average was approximately 0.003 g of water lost in the two-minute time period. 
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Besides losing water in this phase, lost fiber could also account for some of the mass difference. 
Every effort was made to put all fibers back into the bottle, but that was impossible to achieve. 
Phases one and two did not have this problem because the initial weighing occurred after the 
aggregate was placed into the appropriate container. 
Evaporation Study with Cycling 
Another experiment was completed to understand how much water was being lost in the 
process of cycling. It was performed at 10 and 50 hertz with mixed aggregates of fibers. The 
samples were weighed in the sample bottles, cycled, and then reweighed. The samples were 
cycled for 0, 10, 100, 1000, and 10,000 cycles. The zero-cycle samples were taken out of the 
bottle, placed into the block, the block placed under the piston, and then the sample was 
removed. 
Water loss and average change in consistency was greater in the lo-hertz samples 
(Figures 47,85). This is probably due to the longer time to reach the same number of cycles. It 
is interesting to note that the amount of water lost is almost half the amount that was lost in the 
phase-three study of evaporation without cycling when the fibers were checked to see how much 
was lost in just the fiber transfer and setup time prior to testing. If one were to take the total 
mass of water lost with the piston in place but not moving and add it too the amount of water lost 
due to aggregate transfer then subtract the amount of water lost during cycling, theoretically the 
temperature of the fiber should drop by two degrees Celsius. However, the temperature of the 
fibers never decreased by two degrees in any of the experiments, so it is highly probable that 
there is another mechanism for water removal from the fiber aggregate. The obvious answer is 
the physical transfer of the water from the fiber to the aggregate chamber walls. This was 
actually seen with the infrared camera during the first attempts at the lower consistency and with 
the higher frequencies with the higher consistency experiments. Water droplets were adhering to 
the sapphire window blocking the infrared energy to the camera. 
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Comparing this study to the experiment with fiber aggregates without fiber work, it is 
noteworthy that the temperature difference is greater in the 50-hertz testing, but this study shows 
that the 50-hertz aggregates lose less water than those tested at 10 hertz. Therefore, it is apparent 
that more than just evaporation of some of the fiber water is causing the cooling to occur. 
90 
L 
Evaporation in Cuvet with Piston 
-0.020 i I I I 1 I 
0 5 10 15 20 25 
Time (minutes) 
0 PI31 q ave fiber 
-Linear (ave fiber) -Linear (PEl) 








0 5 10 15 20 25 
Time (minutes) 
* ave fiber m ave peg 
-Linear (ave fiber) -Linear (ave peg) 1 
Evaporation in Block for 2 Minutes 
3 -0.012 
s -0.016 
4)02(-j i -.-.--------.----- _ -- _ .. _^__ ~~~~~-~~---~---.-- -.._ _ .--  _--_. ._-._ I.-_..._-.I__.” ._” _” --._- . .__. ..___ I .--. “. __ “._ _. . ..__ . __: 
Sample 










0 00 co Tt= 



























Figure 47. Evaporation study with cycling - average water lost. 
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CONCLUSIONS 
The main purpose of this thesis was to evaluate whether fiber morphology caused 
earlywood fibers to preferentially absorb energy compared to latewood fibers in cyclic 
compression simulating a disk refiner. At the fiber aggregate level there is no evidence of a 
preferential strain, with the possible exception of the lowest frequencies and first cycle of 
compression. Once the fibers were cycled above 30 hertz, the fiber types showed no difference 
in their energy absorption behaviors, as seen with a change in curl index within cycles or a 
change in temperature. These frequencies are still to a factor of 100 lower than the frequencies 
found in an actual mill refiner. 
The change in curl index within a cycle showed that the fibers have viscoelastic behaviors 
at these frequencies. This is seen in the way change in curl index decreases with higher 
frequency. The MTS and shaker experimental devices both showed the same tendencies, though 
the shakers’ values in curl index were significantly lower than those of the MTS. This is 
probably due to the problem with the starting of the cycling and lower force of the shaker. 
The change in temperature shows no differences between the earlywood and latewood 
fibers. An increase in temperature is not present except with the first cycle of the ten-hertz 
experimentation. This is important in itself due to the way fibers move through a refiner. Fibers 
are continually in a process of joining and leaving fiber aggregates. The data seen at one or two 
cycles is probably closer to what may be happening in a true refiner than that at cycles above 
100 .
The temperatures follow a pattern of immediate cooling, followed by an intermediate 
section of increasing temperature, and finally rapid cooling. The cooling appears to be due to 
evaporation. Initially, evaporative cooling occurs more quickly than the temperature rises in the 
fibers from the fatigue/hysteresis effects of the cyclic compressions. As the rate of temperature 
increase becomes higher than the rate of cooling, the slope of the curve of temperature change 
begins to be positive. When the plateau of the heating effect from fatigue/hysteresis of the fiber 
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is attained, evaporative cooling of the wet fibers dominates the temperature change. At this 
point, the negative slope of the change in temperature curve returns. 
The first stage of temperature change within fibers due to cyclic compression shows the 
tendency of higher frequencies to result in lower temperatures and more cycles until the slope of 
the temperature change curve begins to be positive. The second stage shows some heating (but 
overall still at a lower temperature than the initial temperature), due to fiber work from the 
energy absorbed from the cyclic compression. A lower frequency allows viscoelastic fibers time 
to respond to a force and absorb more energy per hysteresis cycle. The larger energy absorption 
will also bring about more fractures and fiber surface area development than lower energy 
absorption. This should cause a more slowly cycled fiber to have a higher temperature in the 
same number of cycles. 
Looking at the change in curl index, A curl index generally plateaus by the end of the 
10,OOOth compression cycle. This decrease in flexing will then lower the amount of energy 
absorbed (and heating) of the fibers. The change in temperature data does show a trend of 
reaching the maximum temperature after fewer cycles with lower frequency. There is also less 
within cycle flexing with higher frequency. Figure 48 shows this trend. This figure was made 
by averaging the A curl index values for a number of cycles at a specific frequency per fiber type. 
As frequency increases, both fiber types are reacting very similarly to the applied stress. Beyond 
30 hertz, the fibers show no significant differences between fiber types. The frequency has now 
exceeded the viscous attributes of stress response time. 
The third stage thermal response is due to the plateau of fiber temperature increase and 
continued fiber cooling from evaporation. This can be demonstrated by taking some of the data 
and adding the temperature change values. The oven-dried aggregates and the 45% consistency 
aggregates without fiber work data (both at 50 hertz) were added together (Figure 49). Missing 
points were added using the best-fit trendline calculation. While this figure is not a perfect fit for 
the thermal change of 45% consistency fiber aggregates with fiber work, the basic form is there. 
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This suggests that fiber work does increase the temperature and that evaporative cooling is 













































Figure 49. Addition of fiber work and evaporative cooling. 
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SUGGESTIONS FOR FUTURE WORK 
There are three possible next steps for this area of study. The first would be to follow up 
on the possible significance of the first cycle preferential energy absorption. This is probably 
more imnortant in the scheme of ‘real-world’ research than a cyclic compression sequence due to 
I  
the high probability 
through the refiner. 
each compression. 
that a fiber aggregate does not exist as an entity unto itself in its progress 
A fiber aggregate is more likely to have fibers added and subtracted with 
The second idea is to do more cyclic compression studies, but to see whether there is a 
difference in crack, kinks, etc., due to the plastic deformations. When energy is absorbed by a 
fiber most of that energy is lost as heat, but some is absorbed in permanent changes. This thesis 
finds that the amount of energy lost as heat is not significantly different between the two fiber 
types. But does the energy used in deformations have a preference for fiber type? 
The third idea would be to try to do an energy balance of the system. This would need to 
account for the energy added to the system by the fiber work due to hysteresis and the 
evaporation of moisture from the fibers and the physical transfer of water shaken off the 
aggregate during cycling. 
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APPENDIX 1: FIBER DIMENSIONS OF THE SELECTED FRAhTION FOR TESTING 
Fiber Width (FVV) and Lumen Diameter (JO) 
Project A-490 
Sampler: Cheryl Rueckert 
Sample iD: EW 
Fw IDI 1 f3V I 1 10 1 1 FW 1 ID FW 1 ID I . 
9 76 46.45~ 39.32 -aa- -- 
1 35.68 16.65 26 26.19 17.86) 51 40.41 32.0! 
2 45.14 34.46 27 55.81 46.31 52 27.36 I 7.84 77 28.47 21.36 
3 32.04 24.92 28 16.66 5.96 53 34.50 11.89 78 14.27 8.33 
4 41.53 30.85 29 33.27 23.771 54 ’ 41.55 34.43 79 34.41 13.05 
5 40.49 30.97 30 29.74 21.42 55 47.50 38.00 80 30.88 23.75 
6 34.45 21.38 31 38.11 29.76 56 35.65 26.14 81 33.23 24.93 
7 49.95 40.44 32 36.80 27.30 57 27.36, 3.56 82 42.74 .30.87 
8 41.60 29.73 33 17.79 10.67 58 43.98 34.47 83 _ 28.49 20.20 
9 30.90 22.58 34 38.12 19.06 59 41.62 29.73 84 38.00 28.51 
10 36.87 29.72 35 32.10 17.84 60 33.23 20.17 85 34.49 23.78 




38.04 87 22.62 10.72 
13 19.02 38 3X97! 24.91! ; ! 59.48 63 42.82 88 10.67 7.11 
14 24.96 11.89 I 39 39.22 32.09 64 59.38 43.94 89 30.97 25.01 
15 27.32 16.63 40 33.33 26.19 65 32.05 27.31 90 13.05 4.75 
16 30.87 22.57 41 35.61 14.25 66 39.26 32.14 91 38.04 29.72 
I 17 35.62 26.11 42 27.29 9.49 67 34.48 26.15 92 35.59 29.65 
18 23.74 15.42 43 33.25 26.13 68 41.65 32.14 93 41.58 33.26 
19 14.24 2.37 44 47.55 38.03 69 25.01 16.67 94 49.86 43.93 20 20.22 
. 
7.13 45 36.87 19.02 




95 36.84 27.34 
35.62, 26.12 46 20.19 11.87 71 45.14 30.88 96 39.23 32.10 
22 38.01 29.69 47 48.77 41.64 72 42.78 33.27 97 43.91 34.41 
23 45.21 36.88 48 41.55 30.86 
24 1 28.53 14.27 49 21.40 8.32 74 33.22 26.10 99 21.37 11.87 
25 1 42.82 35.67 50 1 46.37 21.40 75 35.60 27.29 100 14.24 7.12 
Arithmetic average fiber width (W) = 35.19 microns 
Arithmetic average lumen diameter (L) = 24.65 microns 
Arithmetic average cell wall thickness = 
* Runkel ratio (W-L)/Average lumen width 
5.27 microns 
= 0.43 microns 
Perimeter (2xVV) + (4x(W-L)/2) = 91.46 microns 
Standard Deviation (fiber width) = 10.507 microns 
Standard Deviation (lumen width) = 10.667 microns 
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Fiber Width (NV) and Lumen Diameter (ID) 
Project A-490 
Sampler: Cheryl Rueckert 
Sample ID: LW 
I I Fw ID I%/ IDI FW ID 
, 
ID 
1 27.36 8.32 26 34.50 16.66 51 17.82 3.57 76 22.59 4.76 
2 23.75 5.95 27 27.28 13.04 52 33.21 16.61 77 23.80 3.57 
3 23.771 5.94 28 35.69’ 21.40 53 1 33.22 7.11 78 30.87 8.31 
4 27.35 9.51 29 26.13 8.30 54 28.57 13.09 79 29.701 14.25 
5 26.13 8.32 30 36.89 23.81 55 32.04 8.31 80 -29.72 5.94 
6 34.50, 13.09 31 , 22.55 4.75 56 1 28.51 15.44 87 27.28 8.29 
7 28.48 9.49 32 29.76 9.53 57 29.67 16.61 82 33.33 10.72 
8 30.90 9.51 33 15.47 4.75 58 35.60 18.99 83 27.29 8.31 I 
9 21.41 4.76 34 29.72 17.84 59 26.17 4.76 84 29.70 8.30 ------e--p 
10 35.68 10.70 35 30.90 14.25 60 37.98 17.81 85 41.54 19.00 
11 36.78 27.30 36 27.35 9.52 61 30.94 14.28 86 29.71 13.07 





13 42.71 < 26.16 4.75 63 1 33.291 14.26 88 1 26.19) 7.15 
14 27.34 11.89 39 29.66 18.98 64 32.07 15.44 89 1 27.33 7.14 
75 20.19 8.31 40 20.20 4.75 65 30.90 11.88 90 1 24.95 5.94 
16 24.91 7.12 41 11.92 2.38 66 21.36 7.11 91 1 27.33 9.51 
17 34.45 15.44 42 28.52 17.83 67 26.14 9.50 92 28.55 9.52 
18 26.18 8.32 43 29.69 14.25 68 23.77 13.08 93 27.32 5.94 
19 1 22.54 9.49 44 26.15 3.57, 69 26.14 13.08 94 23.76 7.12 
20 26.16 7.12 45 32.16 10.72 70 19.01 7.13 95 27.31 11.87 
21 29.68 5.93 46 29.68 17.81 71 19.06 4.77 96 27.32 3.57 
22 25.01 9.53 47 33.37 9.53 72 32.07 15.44 97 34.47 14.26 
23 13.06 2.37 48 30.85 11.87 73 34.46 13.07 98 23.76 3.56 
24 22.58 8.32 49 22.62 8.34 74 18.99 4.75 99 34.42 10.68 I 
25 f 36.83 23.77 50 1 27.34 4.75 75 27.31 8.31 100 23.77 4.76 
Arithmetic average fiber width (W) = 
Arithmetic average lumen diameter (L) = 
Arithmetic average cell wall thickness = 
Runkel ratio (W-L)/Average lumen width = 
Perimeter (2xW) + (4x(W-L)/2) = 
Standard Deviation (fiber width) = 









APPENDIX 2: ASSORTED IMAGES 
Figure 50. Compressed fiber aggregate within the sample chamber 
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Figure 5 1. Uncompressed fiber aggregate within the sample chamber. 
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Figure 52. Image of experimental apparatus showing the camera (top), camera mount, 










0 50 100 150 200 250 
co1 
I I I I I 
1700 1720 1740 1760 1780 1800 
L5005nuv fts 







0 50 100 150 ,200 250 
co1 
17001713172517381750176317751788180 
Figure 54. nfrared image of fibers after exposure to UV light to identify stained fibers. 
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APPENDIX 5: T-TESTS OF MECHANICAL DEFORMATION AND TEMPERATURE 
DATA 
Table 5. t-Test for change in curl index - 10 Hz, 5mm, MTS. 
A CarI Xsdex - 10 Hz, 5mm, MTS 
t-Test: Two-Sample Assuming Unequal Variances I 
-  I  
Mean 0.064 0.063 Mean 0.244 0.074 
Variance 0.005 0.009 Variance 0.068. 0.011 
Observations 46 52 Observations 46 52 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 95 df 58 
t stat 0.03 1 tstat 4.144 
P(Tc=t) one-tail 0.488 P(T<=t) one-tail / 0.000 
t Critical one-tail 1.661 t Critical one-tail j 1.672 
P(T=t) two-tail 0.975 P(T<=t) two-tail / 0.000 
t critical two-tail 1 1.985 1 t critical two-tail / 2.002 1 I I 
10 EW LW 10,000 1 EW 1 LW 
Mean 0.257 0.086 Mean / 0.196 0.163 
Variance 0.052 0.019 Val-kUlCX 1 0.043 0.037 
Observations 46 52 Observations j 46 52 
IHvtmthesizedMean Difference I 0 I I lHypothesized Mean Difference 1 0 I 
;&at 
.- 
4.391 t stat / 0.808 
P(T+t) one-tail 0.000 P(T<=t) one-tail 1 0.211 
t Critical one-tail 1.666 t Critical one-tail / 1.662 
Pm=0 two-tail 0.000 P(T<=t) two-tail 1 0.421 
l-993 I t critical two-tail 1 1.986 t critical two-tail 
I 10 
IMean 
‘0 ~-~~~ 1 EW ; LW 








t Critical one-tail 
P(T=t) two-tail 
t critical two-tail , 
0.062 j 0.062 
46 i 52 
0 
95 I 2.839 I . / I 
1 0.003 I 
! 1.661 
I 0.006 
/ 1.985 / 
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Table 6. t-Test of change in curl index - 30 Hz, 5rnm, MTS. 
A Curl Index - 30 Hz, 5mm, MTS 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
I 
I I L 
I EW LW 1000 EW 1 LW 
Mean 0.05559 0.04036 Mean 0.0446 1 0.0331 
(Variance 1 0.00576 1 0.00136 1 1 Variance I 0.0019 I 0.0013 I 
1 Observations I 39 I 45 I 1 Observations I 39 I 45 I 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 53 df 75 I  I  I  I  I  I  
t  stat 1 1.1425 1 It stat 1 1.3068 1 I 
IP(T<=t) one-tail I 0.1292 I 1 P(T<=t) one-tail 1 0.0976 / 
t Critical one-tail 1.6741 t Critical one-tail 1.6654 
P(Tc=t) two-tail 0.2584 P(T<=t) two-tail 0.1953 
t Critical two-tail 2.0057 t Critical two-tail r 1.9921 j 1 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming: Unequal Variances 
I ~~ I 
IO EW LW IO,000 EW LW 
Mean 0.0481 0.0373 Mean 0.0554 0.0345 
Variance 0.0020 0.00 15 Variance . 0.0049 0.00 11 
Observations 39 45 Observations 39 45 
Hypothesized Mean Difference 0 Hypothesized Mean Difference i 0 
Idf I 76 I i 53 I 
It stat 1 1.1785 1 Il.69761 1 
IP(T<=t) one-tail ; 0.1211 I 1 P(T<=t) one-tail ! 0.0477 I 
It Critical one-tail 1 1.6652 1 1 t Critical one-tail j 1.6741 1 
P(T<=t) two-tail 0.2423 P(Tc=t) two-tail 0.0955 
t Critical two-tail 1.9917 t Critical two-tail 2.0057 





100 EW LW 
Mean 0.0570 0.0349 
Variance 0.0053 0.0022 
Observations . I 39 ! 45 i 1 I I I I 
Hypothesized Mean Difference 0 j 1 
df 63 1 
tstat 
.  r  
t Critical one-tail 
P(T<=t) one-tail 
P(T<=t) two-tail 







I I / I 
1 0.1090 i 
1 1.9983 
132 
Table 7. t-Test of difference in curl index - 10 Hz, 3 and 4mm, MTS. 
t-Test: Two-Sample Assuming Unequal Variances 
3mm LW 
I I 
Mean 0.060016 0.079209 
Variance 0.003027 0.007046 
Observations 15 24 
Hypothesized Mean Difference 0 
df 37 
t stat -0.862344 
P(T<=t) one-tail 0.197027 
t Critical one-tail 1.687094 
P(T<=t) two-tail 0.394053 
t Critical two-tail 2.02619 
t-Test: Two-Sample Assuming Unequal Variances 






Variance 0.002361 0.002765 
Observations 26 25 
Hypothesized Mean Difference 0 
df 48 
t stat -0.802851 
P(Tx=t) one-tail 0.213009 
t Critical one-tail 1.677224 
P(T<=t) two-tail 0.426018 
t Critical two-tail 2.010634 
t-Test: Two-Sample Assuming Unequal Variances 
IO IO IO IO 
Mean 0.067087 0.073304 Mean 0.039618 0.056215 
Variance 0.009366 0.008577 Variance 0.001681 0.002212 
Observations 15 24 Observations 26 25 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 29 df 48 
t stat -0.198417 t stat -1.341187 
P(T<=t) one-tail 0.422052 P(T<=t) one-tail 0.093086 
t Critical one-tail 1.699127 t Critical one-tail 1.677224 
P(T+t) two-tail 0.844103 P(TW) two-tail 0.186172 
t Critical two-tail 2.04523 1 t critical two-tail 2.010634 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
100 IO0 
Mean 0.042469 0.131132 
Variance 0.00286 0.022857 
Observations 15 24 
Hypothesized Mean Difference 0 
df 31 
t stat -2.622439 
P(T<=t) one-tail 0.006708 
t Critical one-tail 1.695519 
P(T<=t) two-tail 0.013415 
t Critical two-tail 2.039515 
t-Test: Two-Sample Assuming Unequal Variances 
100 100 
Meall 0.037265 0.029167 
Variance 0.00148 0.002042 
Observations 26 25 
Hypothesized Mean Difference 0 
df 47 
t stat 0.687813 
P(T<=t) one-tail 0.247476 
t Critical one-tail 1.677927 
P(T<=t) two-tail 0.49495 1 
t Critical two-tail 2.011739 
t-Test: Two-Sample Assuming Unequal Variances 
1000 1000 
Mean 0.035294 0.083025 
Variance 0.002207 0.0 13496 
Observations 15 24 
Hypothesized Mean Difference 0 
df 33 
t stat - 1.792054 
P(T<=t) one-tail 0.041149 
t Critical one-tail 1.69236 
P(T<=t) two-tail 0.082298 
i Critical two-tail 2.034517 
t-Test: Two-Sample Assuming Unequal Variances 
1000 1000 
Mean 0.04188 0.044846 
Variance 0.002576 0.002944 
Observations 26 25 
Hypothesized Mean Difference 0 
df 48 
t stat -0.201409 
P(T<=t) one-tail 0.420615 
t Critical one-tail 1.677224 
P(T<*) two-tail 0.84123 
t Critical two-tail 2.010634 








t Critical one-tail 
P(T=t) two-tail 
t critical two-tail 
IO000 IO000 IO000 IO000 
0.043866 0.087494 MeaIl 0.025835 0.039458 
0.002927 0.014678 Variance 0.000801 0.002722 
15 24 Observations 26 25 
0 Hypothesized Mean Difference 0 
34 df 37 
-1.536059 t stat -1.152611 
0.066889 P(R=t) one-tail 0.128231 
1.690923 t Critical one-tail 1.687094 
0.133779 P(T-=t) two-tail 0.256463 . 
2.032243 t critical two-tail 2.02619 
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Table 8. t-T&t of differences in curl index - 3 0 Hz, 4mm, MTS. 
A Curl Index - 30 Hz, 4mm, MTS 
t-Test: Two-Sample Assuming Unequal Variances /t-Test: Two-Sample Assuming Unequal Variances 
lM= 1 0.0340 1 0.0442 1 IMeiXl 1 0.0227 1 0.0575 1 
Variance 
Observations 
Hypothesized Mean Difference 
df 
0.0006 0.0039 ;kiatICe 0.0004 0.0022 
20 16 Observations 20 16 
0 Hypothesized Mean Difference 0 
19 I df 19 
It stat 1 -0.6142 1 I Itstat 1 -2.7868 1 I 
P(T-+t) one-tail 
t Critical one-tail 
0.2732 P(T<=t) one-tail 1 0.0059 
1.7291 1 t Critical one-tail / 1.7291 
P(T<=t) two-tail 0.5464 
t Critical two-tail 2.0930 I 
t-Test: Two-Sarmle Assuming UneauaS. Variances 
P(T<=t) two-tail 1 0.0118 
t Critical two-tail 1 2.0930 
1 t-Test: Two-Sample Assuming; Unequal Variances 
I  
7 
10 EW LW ; 10,000 EW LW 
Mean 0.0280 I 0.0655 I Mean , 0.0340 0.0506 
IVariance I 0.0010 I 0.0057 i 1 Variance I 0.0014 1 0.0036 1 
I Observations 1 20 1 16 1 1 Observations i 20 1 16 1 
I  I  I  
Hypothesized Mean Difference 0 1 Hypothesized Mean Difference 0 
df 19 I df 24 I  1 I  I  I  
t  stat 1 -1.8634 j hat 1 -0.9699 1 1 
P(Te=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 
t critical two-tail 
P(T<=t) one-tail 0.1709 
t Critical one-tail 1.7109 
P(T<=t) two-tail 0.3417 
t critical two-tail j 2.0639 
t-Test: Two-Sample Assuming Unequal Variances 
100 EW LW I 
Mean i 0.0339 I 0.0373 I I I I 
VariaI%e i 0.0021 I 0.0034 I I I I 
Obsenmtions 1 20 ) 16 1 I I I 
Hypothesized Mean Difference ’ 0 
df 28 I  I  1 I  t  
t  stat 1 -0.1894 1 
P(T<=t) one-tail 1 0.4256 t I I , I I j 
t Critical one-tail I 1.7011 I I I I 
P(T-=t) two-tail 1 0.8511 1 I I I 
t critical two-tail 1 2.0484 1 I I I I 
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Table 9. t-Test of differences in curl index - 30 Hz, 3mm, MTS. 
A Curl Index - 30 Hz, 3mm, MTS 
t-Test: Two-Sample Assuming Unequal Variances 
1 I EW I LW I I 1000 1 1 EW LW 
Mean 0.0602 0.0489 Mean 0.0382 0.0407 
Variance 0.0036 0.0076 Variance 0.0030 0.0034 
Observations 24 24 Observations 24 24 
Hypothesized Mean Different 0 Hypothesized Mean Different 0 
Idf l-- I 41 I idf 46 
t stat 0.5238 ! t stat -0.1502 
P(T<=t) one-tail 0.3016 P(T<=t) one-tail 0.4406 
t Critical one-tail 1.6829 t Critical one-tail 1.6787 
P(T<=t) two-tail 
t critical two-tail 7 
10 
0.6032 / P(T<=t> two-tail 0.8812 
2.0195 ( t Critical two-tail 2.0129 
EW i LW 10000 1 EW LW c  - . 
Mean 0.0342 j 0.0419 !Mean 1 0.0366 0.0384 
Variance 
(Observations 
j 0.0014 j 0.0019 I 
1 24 1 24 1 
j Variance 
) Observations 
j 0.0056 1 0.0020 
1 24 1 24 1 
Hypothesized Mean Different 0 
df 45 
!Hypothesized Mean Different ! 0 
IW I 38 
It stat 1 -0.6582 1 I It stat 1 -0.1032 / I 
P(T<=t) one-tail 
It Critical one-tail 
1 0.2569 
1 1.6794 1 
I P(T<-t) one-tail 
It Critical one-tail 
j 0.4592 i 
I 1.6860 ! I 
P(T=t) two-tail 1 0.5138 P(T<-t) two-tail 0.9184 / 
t Critical two-tail j 2.0141 t Critical two-tail 2.0244 
100 ( EW . LW I I 
Mean ; 0.03713 0.04667 ! 
Variance 0.00237 0.00599 
,Observations 24 l 24 I I I  
Hypothesized Mean Different 0 
df 39 
t stat -0.5111 
P(T<=t) one-tail 0.3061 ; 
It Critical one-tail 
P(T<=t) two-tail 
t critical two4aiil 
0.6122 ! I I I 
2.0227 : I I I 
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Table 10. t-T&t of differences in curl index - 10 Hz, Shaker. 
A Cwl Index - IO Hz, 5mm, Shaker 
I 
t-Test: Two-Sample Assuming Unequal Variances 
I 
, 
7 EW I LW 
Mean 0.04542 I 0.03792 
Variance 0.00029 / 0.00037 
Observations 15 17 
Hypothesized Mean Difference 0 
df 30 
t stat 1.16566 
P(T<=t) one-tail 0.12647 
t Critical one-tail 1.69726 
P(T<=t) two-tail 0.25294 
t Critical two-tail , 2.04227, 
t-Test: Two-Sample Assuming Unequal Variances 
t-Test: Two-Sample Assuming Unequal Variances 
100 EW LW 1 
Mean 0.05792 0.0429 
Variance 0.00035 0.00075 
Observations 13 15 
Hypothesized Mean Difference 0 
df 25 
t Stat 1.71429 
P(T<=t) one-tail 0.04942 
t Critical one-tail 1.70814 
P(T<=t) two-tail 0.09885 
, t Critical two-tail ( 2.05954, 
t-Test: Two-Sample Assuming Unequal Variances 
2 i EW LW 
Mean 1 0.05473 0.04123 
Variance I 0.00012 0.00121 
Observations I 15 +I7 
Hypothesized Mean Difference / 0 
df I I 19 
t Stat ; 1.51949 
P(Tc=t) one-tail ! 0.07255 
t Critical one-tail 1.72913 
P(T<=t) two-tail , 0.1451 
t Critical two-tail ! 2.09302 r 
t-Test: Two-Sample Assuming Unequal Variances 
# 
5 EW LW 1 
Mean 0.05842 0.03954 
Variance 0.00049 0.00068 
Observations 15 -I7 
Hypothesized Mean Difference 0 
df 30 
t Stat 2.21888 
P(T<=t) one-tail 0.0171 
t Critical one-tail 1.69726 
P(Tc=t) two-tail 0.0342 
t Critical two-tail 2.04227 . 
t-Test: Two-Sample Assuming Unequal Variances 
I ! 
r 
70 EW i LW 
Mean 0.05812 / 0.03747 
Variance 0.00059 / 0.00019 
Observations 151 17 
Hypothesized Mean Difference 01 
df 22’ 
t Stat 2.89578 
P(T<=t) one-tail 0.00419 
t CtiticaB one-tail 1.71714 
P(T<=t) two-tail 1 0.00839 
t Critical two-tail j 2.07388 1 
l 
7000 EW / LW 
Mean 0.05322 / 0.03856 
Variance 0.0017 [ 0.00031 
Observations 131 15 
Hypothesized Mean Difference 01 
df 161 
t Stat 1.19204 
P(Tc=t) one-tail 0.1253-l , 
, t Critical one-tail 1.74588 I 
/ P(T<=t) two-tail 0.25063 ! 
1 t Critical two-tail 2.11991 
1 t-Test: Two-Sample Assuming Unequal Variances 
t 
, I I 70,000 EW LW 
I Mean 0.0482 0.04155 
/Variance 0.00185 0.00063 
1 Observations 13 15 
1 Hypothesized Mean Difference 0 
df 19 
t Stat ! 0.48905 
P(T<=t) one-tail ! 0.3152 . 
t Critical one-tail i I.72913 
P(T=t) two-tail : 0.63041 






1 6 3 
Table 11. t-Test of differences in curl index - 30 Hz, Shaker. 
I A Curl Index - 30 Hz, 5mm, Shaker I 
t-Test: Two-Sample Assuming Unequal Variances 
I I EW LW / 
t-Test: Two-Sample Assuming Unequal Variances 
100 EW LW , 
Mean 1 0.02506 0.02384 Mean 0.02775 0.01924 
Variance / 0.00127 0.0006 Variance 0.00075 0.0003 
Observations 20 15 Observations 131 17 
Hypothesized Mean Difference 1 0 Hypothesized Mean Difference 01 
df 33 df 19 
t Stat 0.12036 t Stat 0.98242 
P(Tc=t) one-tail 1 0.45247 P(T<=t) one-tail 0.16912 
t Critical one-tail 1 1.69236 t Critical one-tail 1.72913 
P(T=t) two-tail j 0.90493 
t Critical two-tail 1 2.03452 I 
t-Test: Two-Sample Assuming Unequal Variances 
P(T=t) two-tail 0.33824 1 
t Critical two-tail 2.09302 ( 
I t-Test: Two-Sample Assuming Unequal Variances 
I I 
I 
I I 1 
2 EW LW 7000 EW LW 
Mean 0.02685 0.02422 ! Mean 0.02003 0.0199 
I  
Variance 0.00029 0.00053 [Variance 0.00023 0.00026 
Observations 20 15 ) 0 bservations 14 17 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 25 df 28 
t Stat 0.37423 t Stat 0.02212 
P(T<=t) one-tail 0.35569 P(T<=t) one-tail 0.49126 
t Critical one-tail I .70814 t Critical one-tail 1.70113 
P(T<=t) two-tail 0.71139 P(Tc=t) two-tail 0.98251 
t Critical two-tail 2.05954, t Critical two-tail 2.04841 
(t-Test: Two-Sample Assuming Unequal Variances 1 1 t-Test: Two-Sample Assuming Unequal Variances 1 
I 
I 
8 I I ! 
5 EW 1 LW j 70,000 1 EW LW . 
Mean 0.02666 1 0.02149 1 Mean j 0.02023 0.01706 1 I  
Variance 0.00141 0.0003 Variance j 0.0004 3.3E-05 
Observations 20 15 Observations I 14 11 
Hypothesized Mean Difference 0 
, I Hypothesized Mean Difference 0 
df 28 df 16 
t Stat 0.54353 t Stat i 0.56736 
P(T<=t) one-tail 0.29553, P(T<=t) one-tail 0.28917 
t Critical one-tail 1.70113/ t Critical one-tail I .74588 
P(T<=t) two-tail 0.59107 I P(T<=t) two-tail 1 0.57834 
t Critical two-tail 2.048411 t Critical two-tail 2.11991 





70 EW LW 
0.026 0.02229 
I Variance I 0.00031 I 0.000391 I I 
I I 
Observations I 
Hypothesized Mean Difference 1 
20 15 
0 
df 1 281 
t Stat 1 0.57858 1 
PTTc=t) one-tail 1 0.28375 1 
It Critical one-tail i 1.701131 I I I I 
P(T<=t) two-tail 
t Critical two-tail 
0.5675 I 
2.04841 1 . 
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Table 12. t-Test of differences in curl index - 50 Hz, Shaker. 
I A Curl Index - 50 Hz, 5mm, Shaker’ I 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
IM ean / 0.01819~ 0.016711 /Mean / 0.01618j 0.016391 
IV ariance / 0.00013 I 0.00011/ IVariance j 0.00013~ 0.000161 
I Observations 141 141 1 Observations I 121 111 
mesized Mean Difference 1 01 1 Hypothesized Mean Difference 1 01 I 
df 26 df 20 
t stat 0.35647 t Stat -0.0412 
P(T<=t) one-tail 3 0.36218 P(T<=t) one-tail 0.48377 
t Critical one-tail i 1.70562 t Critical one-tail 1 1.72472 
P(T<=t) two-tail 0.72436 P(Tc=t) two-tail 0.96754 
t Critical two-tail 2.05553 t Critical two-tail 2.08596 
t-Test: Two-Sample Assuming Unequal Variances 1 t-Test: Two-Sample Assuming Unequal Variances 
2 I EW I fw I 7000 j EW 1 LW 
Mean 1 0.018581 0.017921 Mean 1 0.016821 0.01706 
Variance 0.00023 0.00026 Variance 0.00013 0.00016 
Obsen/ations 14 14 Obsen/ations 12 11 
Hvbothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 26 
t Stat 0.11239 







t Critical one-tail 1 1.70562 
P(T<=t) two-tail ! 0.91138 
t Critical two-tail i 2.05553 I 
t-Test: Two-Sample Assuming Unequal Variances 
t Critical one-tail 1.72472 
P(T<=t) two-tail 0.96208 
t Critical two-tail j 2.08596 
t-Test: Two-Sample Assuming Unequal Variances 
5 1 EW 1 LW 1 70,000 1 EW j LW 
Mean 1 0.01764 0.01929 Mean 0.0154 0.01587 
Variance 0.00024i 0.00047 Variance 0.00016 0.00014 
Observations 14; 14 Observations 12 II 
I  1 L 
Hypothesized Mean Difference 1 01 Hypothesized Mean Difference 0 
df I 241 df 21 
t Stat 1 -0.230731 t Stat -0.093 
P(T<=t) one-tail 0.40974 1 P(Tc=t) one-tail 0.46339 
t Critical one-tail 1.710881 I t Criticalone-tail 1.72074 
P(T=t)two-tail 0.81948 I I P(T<=t) two-tail 0.92678 
t Critical two-tail 2.0639 , t Critical two-tail 2.07961 
L 







1 Observations I 141 141 I I i I 




t Critical one-tail 
P(Tc=t) two-tail 
t Critical two-tail 
-0.18745 
0.42638 
1.70562 I I 




Table 13. t-T&t of differences in curl index - 100 HZ, Shaker. 
II 
A Curl ln,dex - 100 Hz, 5 mm, Shaker 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
1 1 
7 1 EW LW 700 ; EW LW 
Mean 0.01624 0.01639 Mean 0.0177 0.017 
Variance 8.1 E-05 0.0001 1 Variance 0.00011 0.00032 
Observations 12 7 Observations 15 10 
Hypothesized Mean Difference 01 Hypothesized Mean Difference 0 
df II! df 13 
t Stat -0.03053 1 t Stat 0.11253 
P(T<=t) one-tail 0.48809 1 P(Tc=t) one-tail 0.45606 
t Critical one-tail 1.79588 1 t Critical one-tail 1.77093 
P(T=t) two-tail 0.97619 ! P(Tc=t) two-tail 0.91213 
t Critical two-tail 2.20099 / t Critical two-tail 2.16037 r 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
1 
2 EW LW 7000 EW LW 
Mean 0.0179 0.0162 Mean 0.0165 j 0.01688 
Variance 0.00026 0.00019 Variance 0.00013 j 0.00022 
Observations 12 7 Observations 151 10 
Hypothesized Mean Difference 0 Hypothesized Mean Difference O/ 
df 14 df 161 
t stat I 0.24072 t Stat -0.06892 
P(T<=t) one-tail 1 0.40663 P(Tc=t) one-tail 0.47295 
t Critical one-tail j 1.76131 t Critical one-tail 1.74588 1 
P(Tc=t) two-tail i 0.81326 P(T<=t) two-tail 0.94591 i 
t Critical two-tail / 2.14479 t Critical two-tail 2.1199! I 1 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances I 
I L 1 5 ! EW LW 70,000 EW LW 
Mean ’ 0.01788 0.01729 Mean 0.01581 0.01557 
Variance : 0.0002 9.4E-05 Variance 0.00029 5.7E-05 
Observations 12 7 (0 bservations 15 10 
Hypothesized Mean Difference 0 ! Hypothesized Mean Difference 0 
df 16 !df 21 
t Stat 0.10712 t Stat 0.04839 
P(T<=t) one-tail 0.45801 P(T<=t) one-tail 0.48093 
t Critical one-tail 1.74588 t Critical one-tail 1.72074 
P(T+t) two-tail 0.91602 P(Tc=t) two-tail 0.96186 
t Critical two-tail 2.1199 t Critical two-tail 2.07961 , r 
t-Test: Two-Sample Assuming Unequal Variances 1 1 
I 
70 EW LW 
Mean 0.01743 0.05859 
Variance 0.00016 O.OOO? I 
Observations 12 7 
Hypothesized Mean Difference 0’ 
df 151 
t Stat -0.215841 
P(T<=t) one-tail 0.41601 i 
t Critical one-tail 1.75305 / 
P(T<=t) two-tail 0.83202 
t Critical two-tail 2.13145 I 
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Table 14. t-T&t of differences in curl index - 200 Hz, Shaker. 
I-- A Curl Index - 200 Hz, 5mm, Shaker I 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
7 1 EW i LW 1 700 1 EW 1 LW 
Mean 0.01502 1 0.01509 Mean 0.01748 0.0169 
Variance 0.00011 / 2.8E-05 Variance 7.6E-05 6.2E-05 
Observations 17 4 Observations II 11 
Hvoothesized Mean Difference 0 Hvpothesized Mean Difference 0 
df 101 df 20 
t stat -0.02109 1 t Stat 0.16404 
PTT<=t) one-tail 0.49 18 i I P(T<=t) one-tail 0.43567 
It Critical one-tail 1 I.812461 It Critical one-tail 1 I.724721 I 
P(T<=t) two-tail 0.98359 I 
t Critical two-tail 2.228141 
t-Test: Two-Sample Assuming Unequal Variances 
P(T<=t) two-tail 0.87134 
t Critical two-tail 2.08596 
t-Test: Two-Sample Assuming Unequal Variances 
2 I EW I LW I 7000 1 EW 1 LW 
Mean 1 0.015811 0.018381 Mean 1 0.01618/ 0.01543 
Variance 0.00013 0.00013 Variance 0.00017 6.7E-05 
Observations 17 4 Observations 11 II 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 5 df 171 
t Stat I 




t Stat 0.16035 j 
P(T<=t) one-tail 0.43725 / 
t Critical one-tail j 2.01505 
P(T<=t) two-tail 1 0.70388 
t Critical two-tail / 2.57058 
t-Test: Two-Sample Assuming Unequal Variances 
5 ! EW LW 
Mean ’ 0.01783 0.01608\ 
Variance 0.00012 4.7E-05 
Observations 11 4 
Hypothesized Mean Difference 0 
df 9 
t Stat 0.36546 
P(T<=t) one-tail 0.3616 
t Critical one-tail I .8331 I 
P(T<=t) two-tail 0.72321 
t Critical two-tail 2.26216 
t-Test: Two-Sample Assuming Unequal Variances i 
t Critical one-tail I.739611 
P(T<=t) two-tail 0.87449 / 
t Critical two-tail 2.10982 ( 1 
t-Test: Two-Sample Assuming Unequal Variances 
, 
70,000 EW LW 
Mean 0.01604 0.01418 
Variance 0.00027 7.7E-05 
Observations II 11 
Hypothesized Mean Difference 0 
idf 15 
t Stat 0.32784 
P(T<=t) one-tail 0.37378 
t Critical one-tail I .75305 
P(T<=t) two-tail j 0.74757 
t Critical two-tail ) 2.13145 
1 
IO EW LW 
Mean 0.01703 0.01596 1 
Variance 0.00027 4.9E-05 
Observations 12 4 
Hypothesized Mean Difference 01 
df 131 
t Stat 0.181431 
P(Tc=t) one-tail 0.42941 
t Critical one-tail ’ 1.77093 
P(T=t) two-tail 0.85883 . 1 
It Critical two-tail ’ 2.16037 I 
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Table 15. t-Test of differences in change in temperature - mixed aggregates, 10 Hz. 
I IR - IO Hz 1 
I I I 
t-Test: Two-Sample Assuming Unequal Variances : t-Test Two-Sample Assuming Unequal Variances ’ 
I 
1 I LW I EW I 200 [ LW---w - 
Mean 0.0034 0.0307 I Mean -0.0306 4.0398 
Variance 0.0016 0.0016 I Variance 0.0050 0.0098 
( 
1 
2 LW / EW ( I 1 LW ( EW 
Mean I -0.0456 I -0.0504 I I Mean 1 -0.0376 1 0.0133 
Variance 0.0037 0.0043 i I Variance 0.0060 0.018f 
Observations 19 12 / Obsewations 25 16 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 22 Idf 21 
t stat 0.204 It Stat -1.375 
P(T<=t) one-tail 0.420 1 1 P(T4) one-tail 0.092 
t CWl one-w 1.717 It Critiil one-tail 1.721 
P(Tc=t) two-tail ( 0.840 1 P(TG-t) two-tail 0.184 
t Critiil two-tail i 2.074 It Critical two-tail 2.080 
t-Test: Two-Sample Assuming Unequal Variances I 
I I 
5 LW I Ew I 
Mean -0.0187 1 -0.0273 1 
1 t-Test: Two-Sample Assuming Unequal Varhces 
I 
1000 LW Ew 
-0.0640 -0.0218 
IVariance 0.0016 1 0.0049 I (Variance I 0.0050 I 0.0140 I 
I / 
10 LW Ew LW I RN 
-_- .-_ 




I 0.0074 I 0.0139 1 
Mean -0.0227 t -0.0426 I 1 Mean I -0.0141 I -0.14511 
Variance 0.004 ,
Obsewations 19 12 1 Observations 1 25 1 16 
Hypothesized Mean DifWence 0 lHvr.xthesized Mean Difference 1 0 
df 22 
t stat 0.778 t stat 0.114 
P(T<=t) one-tail 0.222 P(T<=t) one-tail 0.455 
t Critical one-tail I 1.717 t Critiil one-tail 1.708 
PcT<=t) two-tail 1 0.445 
t Critical two-tail 1 2.074 I 
t-Test: TwwSample Assuming Unequal Variances 
I I 
.P(T<=t) two-tail 0.910 
t Critiil two-tail 2.060 
(t-Test: Two-Sample Assuming Unequal Variances 
I I I 
I I I I I I 
50 1 LW / EW I fO,OOO 1 LW 1 EW 
Mean I -0.0375 I -0.0330 I 1 Mean I -0.2217 I -0.2061 \ 
Variance 0.0025 0.0049 Variance 0.0000 I 0.0138 
Observations 19 12 Observations 25 / 16 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 1 
fff 18 df 30 I 
t stat 1 -0.195 1 It stat 1 -0.4274 1 1 0.424 1 I PTT<=t\ one-tail ! 0.3361 I I - ._  
&ail 
_. . -  .  
,  I  
-  -  _- .  I  
I 1.734 I I It &iti& one-tail 1.6973 1 1 
P(T<=t) tw*tail 1 0.847 P(T<=t) tw*tail I 0.6721 
t Critical two-tail 1 2.101 t Critical two-tail I 2.0423 
t-Test: Two-Samole Assumina Uneaual Variances \ 
loo I Variable 7 I Variable 2 
-0.0222 -0.0143 
0.0045 0.0091 
observations 1 45 1 28 ) : 
Hvrmthesized Mean Difference 1 0 
I I I 
t stat -0.382 ( : I 
P(T<=t) one-tail 0.352 I I I 
t Critical one-tail 1.681 1 I I 
PCr<=t) two-tail 0.705 i ! 
t Critical two-tail i 2.017 1 
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Table 16. t-Test of differences in change in temperature - mixed aggregates, 30 Hz. 
IR-30Hz 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
Mean 
7 LW EW 200 LW EW 
-0.oo6o -0.0010 Meatl -0.0330 4.01 so 
Variance 0.0030 0.0007 Variance 0.0050 0.0077 
Observations 14 9 Observations 40 34 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 20 df 63 
tstat 4as4 t stat 0.084 
P(T<=t) one-tail 0.386 P(T=t) one-tail 0.467 
t Critical one-tail 1.725 t Critical one-tail 1.669 
P(T=t) Wail 0.771 P(Tc=t) two-tail 0.933 
t Critic& two-tail 2.086 
t-Test: Two-Sample Assuming Unequal Variances 
t &&I two-tail 1.990 
t-Test: Two-Sample Assuming Unequal Variances 
Mean 
2 LW Ew 
-0.0590 -0.0440 Mean 
500 LW EW 
a.0270 4.01 SO 
Variance 0.0033 0.0064 Variance 0.0071 0.0095 
Observations 14 9 Obsenrations 26 25 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 13 df 47 
t Stat -0.474 t stat 0.055 
P(T=t) one-tail 0.322 P(TK=t) one-tail 0.478 
t Critical one-tail 1.771 t Critical one-tail 1.678 
PcT<=t) two-tail 0.644 P(T<=t) two-tail 0.956 
t Critical two-tail 2.160 
t-Test TwoSample Assuming Unequal Variances 
t Critical two-tail 2.012 
t-Test: Two-Sample Assuming Unequal Variances 
5 LW EW 1000 LW Ew 
-0.0380 -0.0290 Mean -0.0300 0.0080 
Variance 




t-Test Two-Sample Assuming Unequal Variances 
Observations 14 9 
Hypothesized Mean Difference 0 
df 14 
tstat -0.340 
P(T=t) on&ail 0.370 
t Critical one-tail 1.761 
P(T=t) two-tail 0.739 




t-Test Two-Sample Assuming Unequal Variances 
0.0097 
Observations 26 25 
Hypothesized Mean Diierence 0 
df 47 
t Stat -1.005 
P(T<=t) one-tail 0.160 
t Critical one-tail 1.670 
P(T=t) two-tail 0.320 
70 LW EW 
Mean -0.0520 -0.0470 
Variance 0.0040 0.0054 
Observations 14 9 
Hypothesized Mean Difference 0 
df 15 
t stat -0.161 
P(Tc=t) one-tail 0.437 
t Critiil one-tail 1.753 
P(Tc=t) two-tail 0.874 
t Critical two-tail 2.131 
t-Test Two-Sample Assuming Unequal Variances 
5000 LW EW 
Mean -0.0680 a.0320 
Variance 0.0105 o.ooso 
Observations 26 25 
Hypothesized Mean Difference 0 
df 49 
t Stat -0.826 
P(l<=t) one-tail 0.206 
t Critical one-tail 1.677 
P(T<=t) two-tail 0.413 
t Criil two-tail 2.010 
t-Test: Two-Sample Assuming Unequal Variances 
50 LW Ew 70,000 LW EW 
Mean -0.0390 -0.0350 Mean -0.0820 -0.0620 
Variance 0.0038 o.oo50 Variance 0.0169 0.0128 
Observations 13 9 Observations 23 22 
Hypothesized Mean Diier~nce 0 Hypothesized Mean Difference 0 
df 16 df 43 
tstat -0.159 t Stat 0.033 
P(Tc=t) one-tail 0.438 P(Tc=t) one-tail 0.487 
t Critical one-tail 1.746 t Critical one-tail 1.681 
P(T<=t) two-tail 0.876 P(T<=t) two-tail 0.974 
t Critical two-tail 2.120 
t-Test Two-Sample Assuming Unequal Variances 
t Critical tw*tail 2.017 
Mean 
100 LW EW 
a0350 -0.0140 
Variance 0.0074 0.0062 
Observations 40 34 
Hypothesized Mean Difference 0 
df 69 
t Stat -0.163 
P(T=t) one-tail 0.435 
t Critical one-tail 1.667 
P(T<=t) two-tail 0.871 
t Critical two-tail 1.995 
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Table 17. t-T&t of differences in change of temperature - mixed aggregates, 50 Hz. .r 
I 
1 I 
t-Test Two-&npk Assuming Unequal Variances 
I 
I I 
1 t-Test Two&mph Assuming Unequal Vahances 
I I 
Mean -0.0185i -0.01397 Mean -0.01368 9.02726 
Variance 0.00227/ 0.00356 Variance o.oo9o2 o.oo6o9 
Observations 101 13 Observations 27 29 
Hypothesized Mean Difference Oi Hypothesized Mean Difference 0 
elf 21 i df 50 
t  stat -O.20227[ t-stat 
P(Tc=t) one-tail 0.42082 I P(T=t) one-tail 





1 Pcr<=t) two-tail I 0.5631 I I 
1 t Critical two-tail 2.07961 j I It Cfitical two-tail 1 2.008561 I 
1 1 1 Mean 1 -0.04217) -0.054491 1 Mean -0.03709 1 -0.00323 
Variance 0.0089 0.00843 Variance 0.00901 0.00525 
obsenfations 10 13 Obsenrations 17 16 
Hypothesized Mean Difference 
df 
01 Hypothesized Mean Difference 0 
191 ctf 30 
t stat 0.31406 1 tstat -1.15587 
P(f=t) one-tail 0.37845 1 P(T<=t) one-tail 0.12843 
t critical one-tail 1.729131 t Critical one-tail 1.69726 
P(l<=1) two-tail 0.75689 ! Pvc=t) two-tail 0.25686 
t Critical two-tail 2.09302 I t Ctitkal two-tail 2.04227 
t-Test Two-Sample Assuming Unequal Variances 1 ) t-Test Two-Sample Assuming Unequal Vahnces 
I I I 
5 LW Ew loo0 LW (  Ew 
Mean -0.04522 -0.06098 Mean -0.03686 t 0.00767 
Variance 0.00749 0.00433 Variance 0.01023 / 0.0053 
obsewatbns 
Hypothesized Mean Diierence 
10 13 Obsewations 171 16 
0 Hypothesized Mean Difference 01 
l 
t stat 0.47897 
P(Tti) one-tail 0.31922 
t Critical one-tail 1.74588 
P(T=t) two-tail 0.63844 
t Critical two-tail 2.1199, 
t-Test Two-Sample Assuming Unequal Variances I 
t stat -1.45819 
P(T@) one-tail 0.07777 
t Critical one-tail 1.69913 
P(T<=t) two-tail 0.15553 
t Critical two-tail 2.04523 ) 
t-Test Two-Sample Assuming Unequal Variances 
I / 
,  
t&&al one-tail 1.72472 
P(T*=t) two-tail 0.33225 
t Critical two-tail 2.08596 
t-Test Two-Samcde Assumina Uneaual Variances 
) t &i&l Ale-tail 
I P(T<=t) two-tail 






loo LW Ew 
Mean -0.03422 -0.03454 
Variance 0.00734 0.00566 
Observations 27 29 
Hvwthesized Mean Difference 0 
t stat 0.01491 j 
P(l*=t) one-tail 0.49408 j 









Table 18. t-Test of differences in change in temperature - mixed aggregates, 100 Hz. 
I IR - 100 Hz I 
t-Test: Two-Sample Assuming Unequal Variances 
1 LW 1 EW 
Mean -0.008l -0.012 
I 
t-Test: Two-Sample Assuming Unequal Variances 
I I 
200 LW Ew 
I Mean -0.021 -0.024 
Variance 0.00154 0.ooo61 Wariance 0.00514 om34 
Observations 14 gi Observations 26 21 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 21 df 45 
t stat 0.30306 / It Stat 0.14677 
P(T=t) one-tail 0.38241 
t Critical one-tail 1.72074 
P(T<=t) two-tail 0.76482 
t Critical lwo-tail 2.07961 
P(T=t) one-ta# 0.44199 
t Critical one-tail 1.67943 
P(T<=t) two-tail 0.88397 
t Critical two-tail 2.0141 
t-Test: Two-Sample Assuming Unequal Variances I t-Test: Two-Sample Assuming Unequal Variinces 
I 
2 I LW I Ew I 1 LW i mv 
Mean I -0.0491 -0.0561 Mean I 0.0191 -0.002 
Variance 0.003q 0.00561 IVariance 0.00345 0.00673 
Obsen/ations 141 9 1 Observations 11 11 
Hypothesized Mean Difference 0) 1 Hypothesized Mean Difference 0 
df 141 Idf 181 
t stat 0.24363 It Stat -0.55942 
P(T<=t) one-tail I 0.40553 P(T<=t) or&ail 0.29139 
t Critical one-tail 1 1.76131 t Critical one-tail 1.73406 
P(Tc=t) two-tail )0.811051 
t Critical two-tail 1 2.144791 
t-Test: Two-Sample Assuming Unequal Variances 
I I 
P(TGf) two-tail 0.58277 
t Critical two-tail 2.10092 1 
t-Test: TwoSample Assuming, Unequal Variances 
’ 
A 
5 ILwiwi 1000 LW Ew 
Mean -0.04 Q.0841 Mean -0.031 0.006 
Variance 0.00501 0.01326 1 Variance 0.00931 0.00672 
lobservations I 71 41 1 Observations I 121 121 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 4 df 21 
t stat ; 0.69364 t stat -0.9995 
P(Tc=t) one-tail 0.26304 P(Tc=t) one-tail 0.16447 
t Critical one-tail 2.13185 t Critical one-tail 1.72074 
P(T<=t) h&ail 0.52608 
t Critical two-tail 2.77645 r 
t-Test: Two-Sample Assuming Unequal Variances 
P(T<=t) two-tail 0.32893 
t Critical two-tail 2.07961 
t-Test: Two-Sample Assuming Unequal Variances 
10 LW EW 
Mean -0.038 -0.053 Mean -0.03 -0.002 
Variance 0.00194 0.00369 Variance 0.00887 0.01372 
Observations 14 9 Observations 12 12 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 13 df 21 
tstat 0.66457 t stat -0.64332 
P(T<=t) one-tail 0.25897 P(T<=t) one-tail 0.26349 
t Critical one-tail 1.77093 t Critiil one-tail 1.72074 
P(T=t) two-tail 0.51794 P(T<=t) two-tail 0.52698 I 
t Critical two-tail 2.16037 t Criiical two-tail 2.07961; 
t-Test: Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
I I I I 1 / I  I  I  I  I  I  
50 ILW EW 10,ooo LW I EW 
Mean -0.042 -0.051 Mean -0.03 -0.003 
Variance 0.00249 0.00228 Variance 0.00621 0.00851 
Observations 14 9 Observations 111 12 
Hvmthesized Mean Difference 0 Hvcdhesized Mean Difference 01 
21 I I - -  
t  stat  
P(T<=t) one-tail 
t Critical one-tail 
P(Tc=t) two-tail 









t Critical one-tail 
P(T+t) two-tail 







Table 19. t-Test of change in temperature - pure aggregates, 10 Hz. 
I Experiment I- 10 Hz 
t-Test Two-Sample Assuming Unequal Variances t-Test: Two-Sample Assuming Unequal Variances 
Mean 0.002 0.0241 Mean -0.014 -0.014 
Variance 0.0004 0.005 / Variance 0.0019 0.001 
Observations 5 81 I Observations 9 15 





/ Hypothesized Mean Difference 0 -- 
idf In 
t-Stat -0.8153; 
P(T<=t) one-tail 0.21795 
t Critical one-tail 1.83311 
I  - -  .- 
t Stat 0.03366 
P(T<=t) one-tail 0.48691 
It Critical one-tail 1.81246 
P(TC=t) two-tail 0.4359 
t Critical two-tail 2.26216 
t-Test: Two-Sample Assuming Unequal Variances 
I  ~~~~~- I  
P(T<=t) two-tail 0.97381 
t Critical two-tail 2.22814 
1 t-Test: Two-Sample Assuming Unequal Variances 
I 
Mean 
z q / 
I Mean 
IVariance 
I I  I  
I 0.00051 0.0000 I IVariance 
IObservations I 51 81 1 Observations I 41 71 
fHypothesized Mean Difference 1 01 
I  
df 8 
t stat 0.13911 
P(T<=t) one-tail 0.4464 
t Critical one-tail 1.85955 
P(T<=t) two-tail 0.8928 
t Critical two-tail 2.30601 7 
t-Test: Two-Sample Assuming Unequal Variances 
I  I  
I Hypothesized Mean Difference 1 01 1 
df 7 
t Stat -1.1393 
P(T<=t) one-tail 0.14603 
t Critical one-tail 1.89458 
P(T<=t) two-tail 0.29206 
t Critical two-tail 2.36462 
t-Test: Two-Sample Assuming Unequal Variances 
IMean 1 -0.0231 -0.029 I 1 Mean 1 -0.0381 -0.0051 
IVariance I 0.0018! 0.001 I IVariance 1 0.00181 0.001 I 
Observations 5 8 1 Observations 41 7 
Hypothesized Mean Difference 0 1 Hypothesized Mean Difference 01 
df - 6 df- 4i 
tstat 0.2793 t Stat i -1.38727 t 
I PTTC=t) one-tail I 0.39471 I I PfT<=t) one-tail I 0.11882t -1 
t Critical one-tail 1.94318 t Critical one-tail i 2.131851 
P(T<=t) two-tail 0.78939 P(Tc=t) two-tail / 0.23765; 
t Critical two-tail 2.44691 t Critical two-tail 1 2.776451 
t-Test: Two-Sample Assuming Uneaual Variances t-Test: Two-Sample Assumina Uneaual Variances 
I : 
50 LW EW 5000 I LW i ELM 
Mean -0.013 -0.014 Mean j -0.059 -0.064 
Variance 0.0002 0.0000 Variance I 0.0009 0.001 
Observations 51 8 Observations 4j 7 
IHvpothesized Mean Difference 1 01 I 1 Hypothesized Mean Difference / 0 1 I 
Idf I 91 1 /df I 81 I 
It stat 
t Critical two-tail 1 2.262161 
0.09417 
~ P(Tc=t) 
t-Test: Two-Sample Assuming Unequal Variances 
one-tail 0.46352 
it Critical one-tail 1.83311 
i P(T<=t) two-tail 0.92703 
1 t Critical two-tail 
tstat 
1 2.30601[ ~~ 
0.25312 
1 
I t-Test: Two-Sample Assuming Unecaual Variances 
P(TC=t) one-tail 0.40328 
t Critical one-tail 1.85955 
P(T<=t) two-tail 0.80656 
1 i --I7 I 
700 / LW EW 10.000 t LW 1 EW 
Mean 
Variance 
’ 1 -0.013 -0.011 i ‘Mean -0.134’ -0.129 
1 0.001 0.001 1 Variance 0.0006 0.003 
1 Observations 













df 71 df 9 
t Stat -0.00517/ t Stat -0.21219 
P(T<=t) one-tail 0.49801 
t Critical one-tail 1.89458 
P(T<=t) tw&ail 0.99602 
t Critical two-tail 2.36462 
P(T<=t) one-tail 0.41834 
t Critical one-tail 1.83311 
: P(T<=t) two-tail 0.83669 . 
It Critical two-tail 2.26216 
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Table 20. t-Test of differences in change in temperature - pure aggregates, 50 Hz. 
ExDeriment 1 - 50 Hz I 
t Critiil tw&ail i 2.178811 
t-Test: Two-Sample Assuming Unequal Variances 
I I 
t &t&l two-tail 1 2.11991 
t-Test: Two-Sample Assuming Unequal Variances 
I I 
Observations 81 I Observations 81 101 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 12 df 12 
t Stat 0.11087 t Stat -2.56223 
P(T-t) one-tail 0.45678 1 P(T+t) one-tail 0.01245 
t Critical one-tail 1.78229 1 t Critical one-tail 1.78229 
P(T<=t) two-tail 0.91355 I I P(T<=t) two-tail 0.0249 
t Critical two-tail 2.17881 I It Critical two-tail 2.17881 \ 
t-Test: Two-Sample Assuming Unequal Variances 1 
I I 
700 1 LW 1 EW i 
Mean ! -0.0191 -0.008 
Variance 1 0.00333i 0.00098 
Obsewatims 8 10 
Hypothesized Mean Diierence I 0 
df 
t stat / 0.473ii 
P(Tc=t) one-tail 0.32296 
t Critiil one-tail 1.81246 
P(T<=t) W&ail 0.84592 
t Critical two-tail : 2.22814 
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Table 21. t-Test of difference in change in temperature - pure aggregates, 100 Hz. -e 
I Experiment I- 100 Hz 1 
I 
t-Test: Two-Sample Assuming Unequal Variances 
I I 
t-Test: Two-Sample Assuming Unequal Variances 
7 LW Ew 200 LW Ew 
Mean -0.022 -0.018 Mean -0.019 -0.015 
Variance 0.0001 0.0002 Variance 0.0009 0.001 
Observations 8 5 Obsenrations 161 13 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 7 df 25 
t stat -0.48267 t stat -0.31229 
P(T<--1) one-tail 0.32203 P(T<=t) one-tail ~ 0.37871 
t Critical one-tail 1.89456 t Critical one-tail 1.708141 
P(T<=t) two-tail 0.64406 P(T<=t) two-tail 0.757411 
t Critical two-tail 2.36462 t Critical two-tail 2.05954 ( 
t-Test Two-Sample Assuming Unequal Variances 1 t-Test: Two-Sample Assuming Unequal Variances 
I I I I I 
I I 
2 LW j Ew 1 500 LW 1 Ew 
Mean -0.044 I -0.025 1 Mean -0.017 I -0.001 
Variance 0.9003 o.ooo5 Variance 0.0004 0.001 
Observations 8 5 Obsenrations 8 8 
Hvpothesized Mean Difference 0 Hvpothesizad Mean Difference 1 0 
df 7 
t Stat -1.69735 







t Critical one-tail 1.89458 
P(T<=t) two-tail 0.13344 
t Criiical two-tail 2.36462 
t-Test Two-Sample Assuming Unequal Variances 
t Critical one-tail 1.79588 ~ ~ 
P(T<=t) two-tail 0.24915 
t Critical two-tail I 2.20099 # 
t-Test: Two-Sample Assuming Unequal Variances 
5 LW Ew 1000 ILW mv 
Mean -0.034 xl.039 Mean -0.01 0.001 
Variance 0.0095 o.ow8 Variance 0.0021 0.0005 
lObservations 81 51 1 Observations I 81 81 
I  
Hyp&esiied Mean Difference 0 Hypothesized Mean Dfference 0 
df 7 df 10 
tstat 0.296 t Stat -0.59808 
P(T<=t) one-tail 0.38791 P(T<=t) one-tail 0.28154 
t Critical one-tail 1.89458 It Critical one-tail 1.81246 
~ P(T<=t) two-tail 0.77582 -1 P(T=t) two-tail 0.56309 
t Critkai two-tail 2.36462 j t Critical two-tail 2.22814 I 
t-Test Two-Sample Assuming Unequal Variances I 1 t-Test Two-Sample Assuming Unequal Varbances 
I I I \ J 
10 I LW I f3v I 5000 LW Ew 
Mean I -0.033( -0.0391 Mean -0.013 -0.004 
Variance 1 0.0016 0.00041 Variance 0.0917 o.ooo4 
Observations I I 8 5 Obsenrations 8 8 
Hypothesized Mean Difference 1 0, Hypothesized Mean Difference 0 
df 11: df 10 
t stat 1 0.38781* t stat -0.56646 
P(T<=t) one-tail f 0.35278; 
t Critical one-tail : 1.79588 
P(Tc=t) two-tail : 0.70555 
t Critical two-tail I 2.20099 
t-Test: Two-Sample Assuming Unequal Variances 
P(T*=t) one-tail 0.29179 
t Critical one-tail 1.81246 
P(T<=t) two-tail 058357 
t Critical two-tail 2.22814 1 
t-Test: Two-Sample Assuming Unequal Variances 
50 LW I Hv 10,ooo LW Ew 
Mean -0.032 -0.035 1 Mean -0.018 -0.005 
Variance 0.0016 0.0007 IVariance 0.0014 O.oool 
700 ( LW ( EW 1 I 
I -0.021 -0.0151 I I 
IVariance I 0.00131 0.00181 I 1 
Obsenrations I 
Hypothesized Mean Difference 1 




P(T<=t) one-tail , 
t Critical one&i1 ’ 
P(T<=t) two-tail \ 
t Criticaltwo-tail 1  
14 






Table 22. t-Test of differences due to frequency - pure, air-dried. 
Experiment 4 
It-Test: Two-Sample Assuming Unequal Variances 1 /t-Test: Two-Sample Assuming Unequal Variances 1 
I I 
70 5OHz 7OHz 500 50 Hz 1OHz 
Mean 0.02635 0.05496 I Mean 0.10896 0.04248 
tvariance 
I I I 
I 0.001771 0.001491 
I 
I Variance 1 0.002581 0.001831 
Observations 16 141 
Hypothesized Mean Difference 0 I I 
df 28 I 
t Stat -1.93957 I I 
P(T<=t) one-tail 0.03128 ! I 
t Critical one-tail 1.70113 I 
P(Tc=t) two-tail 0.06257 
4 
t Critical two-tail 2.04841 / I I L 
t-Test: Two-Sample Assuming Unequal Variances 
20 5OHz 1 7OHz 1 
Mean 0.03288 0.05353 1 
Variance 0.00215 0.00102 j 
Observations 16 14/ 
Hypothesized Mean Difference 0 
Observations 16 14 
Hypothesized Mean Difference 0 
df 28 
t Stat 3.8936 
P(T<=t) one-tail 0.00028 
t Critical one-tail 1.70113( 
P(T<=t) two-tail 0.00056 
t Critical two-tail 2.04841 
t-Test: Two-Sample Assuming Unequal Variances 
I 
I 1000 i 5OHz 1 IOHz 
Mean 0.12708 0.06679 
Variance 0.00287 0.0021 
Observations 8 14 
Hypothesized Mean Difference j 0 
df 271 






I .70329 I 
/t Stat 
P(T<=t) one-tail 
t Critical one-tail 
I 13 
I 
. j 2.674051 I 
0.00956 
I .77093 --. -.  --
Kt) two-tail 0.163 
xl two-tail 2.05183 
Test: Two-Sample Assuming Unequal Variances 
P(T<=t) two-tail 0.01912 
t Critical two-tail 2.16037 
t-Test: Two-Sample Assuming Unequal Variances 
50 50 Hz 7OHz 
Mean 0.01441 0.04516 
Variance 0.00161: 0.00139 
Observations 16i 14 
Hypothesized Mean Difference 0 
df 28 
t Stat -2.17545 j 
P(Tc=t) one-tail 0.019lI 
t Critical one-tail 1.70113 
P(T<=t) two-tail 0.0382 
t Critical two-tail 2.04841 
t-Test: Two-Sample Assuming Unequal Variances 
2000 50 Hz IOHz 
Mean 0.12618 0.08679 
Variance 0.00226 0.00195 
Observations 16 14 
Hypothesized Mean Difference 0 
df 28 
t Stat 2.35095 
P(Tc=t) one-tail 0.013j 
t Critical one-tail 1.70113 
P(T<=t) two-tail 0.026 
t Critical two-tail 2.048411 
# I 
700 1 5OHz 7OHz 
Mean ! 0.05076 0.04655 Variance 1 0.00057 0.0006 I 
Observations 8 14 
Hypothesized Mean Difference 0 
df 15 I / 
t Stat 
P(T<=t) one-tail 
t Critical one-tail 
P(T<=t) two-tail 










Table 23. t-Test of differences due to frequency - pure, no fiber work. l 
- .e  
Experiment 6 
I 
t-Test: Two-Sample Assuming Unequal Variances 
700 j 7ouz 50 Hz 
~ Mean 1 -0.01712 -0.00587 
‘Variance j 0.00071 0.00048 
t-Test: Two-Sample Assuming Unequal Variances 
5000 IOHz 50 Hz 
Mean -0.1591 -0.153 
Variance 0.00179 I 0.02646 
Observations 17 
Hypothesized Mean Difference 0 
df 29 
14 Observations 
Hypothesized Mean Difference df 
171 7 















t Critical two-tail 2.04523 
t-Test: Two-Sample Assuming Unequal Variances 
I 





IOHz 50 Hz 





t Critical two-tail 
-0.227 
2.26216 
t-Test: Two-Sample Assumina Unequal Variances 
Variance / 0.00092 0.00515 Variance 0.0014 0.02578 
Observations 17 14 Observations 17 14 
Hypothesized Mean Difference 0 
I 
i Hypothesized Mean Difference 0 
df I 171 I Ibf I 141 
t Stat 0.74537 t Stat 1.59612 
P(T<=t) one-tail 0.23312 P(Tc=t) one-tail 0.06639 
t Critical one-tail 1.73961 t Critical one-tail 1.76131 
P(Tc=t) two-tail 0.46623 P(T<=t) two-tail 0.13278 
t Critical two-tail 2.10982 t Critical two-tail 1 2.14479 




7000 7OHz 5oHz i I 
Mean -0.099 -0.114 
Variance 0.00151 0.00706 
Observations 




t Stat 0.62878 1 
P(T<=t) one-tail 0.2687 t 
t CritiCal one-tail I .73406 
P(R=t) two-tail 0.53739 ( 
t Critical two-tail 2.100921 I 
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APPENDIX 6: OTHER INFRARED TESTING AND ANALYSIS 
Pure aggregates - Oven-dried 
Other infrared testing was done to show heating. Oven-dried fibers were cycled at 10 and 
50 hertz. As can be seen in Figure 49-50, there were significant differences in temperature 
increase between the two frequencies (Table 23). A higher frequency caused a faster and higher 
temperature increase. Internal friction of the dry fibers may be higher at the higher frequency. 
I  
Pure aggregates - Wet and Dry 
Fiber b 
Testing examined whether evaporation did cause cooling when there was no cycling. 
aggregates (45% consistency) were placed in the sample chamber and placed in position 
under the piston. Images were taken a various times over a 20-minute period. Figure 57 shows 
that the infrared camera saw evaporational cooling. 
If evaporation causes cooling, then absorption of water into the fiber should cause the 
fiber to heat. Oven dried fibers were placed in the sample chamber, and the block placed under 
the piston. The piston was not cycled. Images were collected for 20 minutes. There is a 
temperature rise from water absorption into a fiber (Figure 57). Table 24 shows the t-test and 
significant differences in temperature between wet and 
PEG Fiber Aggregates 
oven-dried aggregates, with no cycling. 
A few fiber aggregates that had their intra-fiber water exchanged for polyethylene glycol 
were cycled at 10 hertz. If evaporation was stopped then the temperature decrease would also be 
stopped if only evaporation was cooling the fibers. This technique did not work well because the 
PEG coated the sapphire window where the fibers touched, obscuring any acquisition of IR 
radiation. The data points seen in Figure 58 are from whole image averaging done by Spyglass 
Transform. The data points may be showing a trend towards increasing to higher temperatures 
but it can not be stated with any certainty with only two images of data. 
150 
Mixed aggregates - 200 Hz 
This is the data gathered during the initial infrared testing with mixed fiber aggregates at 
45% consistency. The data is included in the Appendix because of the already stated problems 
with technique. The aggregates were at the normal 45% consistency, but when cycling began 
water started to appear on the sapphire window. By the time the sequence was finished there was 
enough water on the window that the UV light difference technique could not tell the difference 
between the fiber types. Therefore, the data was pooled for earlywood and latewood fiber types. 
This would give an adequate stimate because the other frequencies showed no differences 
between the earlywood and latewood fiber types. The data was analyzed, but it was hard to find 
the same fibers, due to the water on the window obscuring the fibers. Figure 59 shows the 
gathered data. These are the only images where temperature increased; therefore, the water on 
the window caused an apparently faulty temperature reading. Water has a much larger emissivity 
that wet fibers (0.96 vs. 0.65 (60)). The emissivity is the thermal energy radiated by an object 
relative to that of a black body at the same temperature. When the water is calibrated with the 














Figure 56. Pure aggregates - oven dried, 10 and 50 Hz, time basis. 
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Table 24. t-Test of difference in change in temperature due to fiequen&. 
I Experiment 3 I 
t-Test: Two-Sample Assuming Unequal Variances 
1 
10 5OHz 7ouz 
Mean 0.04878 0.02025 
Variance 0.00609j 0.0013 
Observations 151 9 
Hypothesized Mean Difference 01 
df 21 i 
t-Test: Two-Sample Assuming Unequal Variances 
500 5OHz 1 7OHz 
Mean 0.1563 0.01827 
Variance ' 0.0199 0.00208 
Observations 15 9 










t Stat 3.4977 
P(Tc=t) one-tail 0.00128 
t Critka~ one-tail 1.73406 
P(T<=t) two-tail 0.00257 
t Critical two-tail 1 2.07961 i L 
t-Test: Two-Sample Assuming Unequal Variances 
/ 
1 t Critical two-tail 1 2.100921 




20 5OHz ] 7OHz 1000 50 Hz 7OHz 
Mean 0.060441 -0.01 Mean 0.16456 0.02531 
Variance 0.00613 0.00115 Variance 0.02479 0.00254 
Observations 15 9 Observations 15 9 
Hypothesized Mean Difference 0 Hypothesized Mean Difference 0 
df 21 df 18 
t Stat 3.04028 t Stat . 3.16556 
PTT=t) one-tail 0.00311 P(Tc=t) one-tail 0.00268 
It Critical one-tail 1 I.720741 It Critical one-tail t I.734061 I 
P(Tc=t) two-tail 0.00622 P(T<=t) two-tai I 0.005351 
t Critical two-tail 2.07961 t Critical two-tail 2.10092/ 
t-Test: Two-SamDIe Assumina Uneaual Variances 1 t-Test: Two-Sample Assumina Uneaual Variances 
I I I 
I 
700 1 5OHz 7OHz 2000 ( 5OHz 1 7OHz 
Mean 1 0.06004 -0.00975 Mean 0.16252 0.05179 
Variance 1 0.00665 0.00144 Variance 0.01679 0.00253 
Observations H 15 9 Observations 15 9 
Hvpothesized Mean Difference j 0 Hypothesized Mean Difference 0 
Idf 211 !df I 201 I 
It Stat : 2.84145i It Stat 1 2.958641 I 
P(Tc=t) one-tail i 0.00489 P(T<=t) one-tail 1 0.00388 
t Critical one-tail 1 1.72074 t Critical one-tail 1 1.72472 
P(T<=t) two-tail ; 0.00978 
t Critical two-tail / 2.07961 I 
t-Test: Two-Sample Assuming Unequal Variances 
P(T<=t) two-tail 0.00777 
t Critical two-tail 2.08596 
I I 
. I I 
200 5OHz ( 7Oliz 
I 
Mean 0.08863 0.00926 1 I 
Variance 0.00512 0.0017 
Observations 15 Qn 
. Hvpothesized Mean Difference , 0, I 
Idf I 221 I I 1 I I 
t Stat 
P(Tc=t) one-tail 


















Table 25. t-Test of differences in change in temperature - wet and ovei-dry. es 
I Experiment 5 I 
It-Test: Two-Sample Assuming Unequal Variances 1 It-Test: Two-Sample Assuming Unequal Variances] 
t 7 min, wet 1 dry 1 * 70min, / wet 
I  
dry 
Mean -0.0015 0.027135 Mean -0.01331 0.104854 
Variance 0.001839 O.ooO81l Variance 0002461 0.00724 
Observations 20 
Hypothesized Mean Different 0 
df 33 
19 Observations 20 19 
Hypothesized Mean Differenc 0 
df 29 
It Stat I -2.468051 It Stat 1 -5.26278 I I 
P(k=t) one-tail 0.00947 P(k=t) one-tail 6.1 lE-06 
t Critical one-tail 1.69236 t Critical one-tail 1.699127 
IPcT<=t) two-tail 
t Critical two-tail 
1 0.018941 
1 2.0345171. 
I P(T<=t) two-tail 
Jt Critical two-tail 
1 1.22E-05) I 
( 2.0452311 
k-Test: Two-Sample Assumina Uneaual Variances 1 I t-Test: Two-Sample Assumina Unequal Variances 1 
I  
3 min. wet 1 dry 75 min. wet dry 
Mean -0.007 0.040819 Mean -0.04489 0.097222 
Variance 0.001067 0.003525 Variance 0.001493 0.031986 
Observations 





19 Observations 20 19 
Hypothesized Mean Different 0 
df 20 
It Stat I -3.094151 I jt Stat 1 -3.38927 1 I 
P(Tc=t) one-tail 0.002222 P(T<=t) one-tail 0.001456 
t Critical one-tail 1.70113 t Critical one-tail 1.724718 
P(Tc=t) two-tail 0.004444 P(k=t) two-tail 0.002913 
t Critical two-tail 2.048409 t Critical two-tail 2.085962 1 1 
t-Test: Two-Sample Assumina Uneaual Variances it-Test: Two-Sample Assumina Uneaual Variances 
5 min. wet 1 dry 20 min. wet dry 
Mean -0.W358~ 0.093626 Mean -0.03083 0.130965 






Hypothesized Mean Different 0 Hypothesized Mean Differenc’ 0 
df 28 df 21 
t Stat -3.92815 t Stat -6.09501 
P&d) one-tail 0.000255 P(k=t) one-tail 2.38E-06 
t Critical one-tail 1.70113 t Critical one-tail 1.720744 
P(Tc=t) two-tail 0.000509 P(k=t) two-tail 4.77E-06 





Figure 58. Change in temperature - PEG. 
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Figure 59. Change in temperature - mixed aggregates, 200 Hz. 
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Figure 61. Change in curl index - 10 Hz, Earlywood, MTS. 
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Figure 67. Change in curl index - 30 Hz, Earlywood, MTS. 
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Figure 68. Change in curl index - 30 Hz, Latewood, MTS. 
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Figure 69. Change in curl index - 4 mm, 10 and 30 Hz, MTS. 
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Figure 70. Change in curl index - 3 mm, 10 and 30 Hz, MTS. 
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Figure 72. Change in curl index - 100 Hz, Shaker. 
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Figure 78. Change in temperature - pure aggregates, 10 Hz. 
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Figure 79. Change in temperature - pure aggregates, 50 Hz. 
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Figure 80. Change in temperature - pure aggregates, 100 Hz. 
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Figure 82. Change in temperature - pure aggregates, Latewood. 
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zi d 0 
Figure 83. Change in temperature - pure, air-dried, time basis. 
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Figure 84. Change in temperature - pure, no fiber work, time basis. 
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Figure 85. Evaporation study with cycling - normalized water lost. Normalized water lost is the 
water lost divided by the initial amount of water. 
184 
l APPENDIX 8: DATA TABLES 
Curl index reproducibility 
Curl Index Reproducibility , _____________v_ ----- ---e-o--- 
Curl Index average st dev var 95%cI Fiber # 
1 0.054 0.025 0.068 0.074 0.068 0.102 0.06 1 0.058 0.05 1 0.072 0.063 0.020 0.000 0.014 
._.~_.. _ - 0.004 0.000 0.003 2 0.06s 0.002 0.000 0.003 0.012 0.009 0.010 0.004 0.006 0.004 0.005 
0.00s’ - .. -0.010 - 0.016- 0.007 0.004 0.011 0.005 0.010 0.018 0.022 0.011 0.006 0.000 0.004 3 
- .- 4 0.591 0.576 0.583 0.688 0.744 0.682 ._.-_____ 0.634 0.589 _ _ __-_ __- 0.683 -- - 0.635 
0.640 0.057 0.003 0.04 1 ------ - 
5 0.05 1 0.045 0.033 0.018 0.026 0.056-- 0.053 0.040 0.045 0.05 1 0.042 0.012 0.000 0.009 __--_. _ .A- . 
.-. - .- 
6 0.087 0.024 0.063 0.07 1 0.058 0.068 0.069 0.047 0.041 0.060 0.059 0.018 0.000 0.013 
. - .-- 7 0.032 0.023 0.015 0.018 0.037 0.020 0.012 0.028 0.030 0.03 1 0.024 0.008 0.000 0.006 
__-_ --. - -.- - 0.024 0.00 1 0.017 8 0.014 0.006 0.009 0.085 0.008 0.025 0.010 0.014 0.005 0.011 0.019 


























IR Reproducibility (C) 
4 5 6 7 
20.61 20.59 20.58 20.55 
20.59 20.62 20.57 20.56 
20.60 20.63 20.59 20.53 
20.61 20.58 20.58 20.56 
20.62 20.63 20.62 20.57 
20.62 20.63 20.59 20.55 
20.63 20.64 20.61 20.55 
20.62 20.61 20.60 20.58 
20.61 20.60 20.61 20.55 
20.61 20.62 20.57 20.53 
8 9 IO 
20.52 20.56 20.53 
20.51 20.58 20.52 
20.50 20.56 20.51 
20.51 20.58 20.54 
20.50 20.56 20.47 
20.51 20.57 20.51 
20.51 20.60 20.49 
20.51 20.59 20.50 
20.51 20.58 20.48 
20.51 20.58 20.50 
20.47 20.59 20.52 20.61 20.61 20.59 20.55 20.51 20.58 20.51 20.55 
0.03 0.02 0.03 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.05 
* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 * 
0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.04 
Ave 
186 
Earlywood curl index - 10 Hz, 5mm 
Earipvood Cut4 Index - 10 Hz, 5 mm r 
Fiber Count run# fiber # 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 10000.5 
1 1 1 0.0353 0.0792 0.0618 0.3607 0.0529 0.3789 0.0636 0.2930 0.0767 0.1999 
2 1 2 0.0484 0.0365 0.0536 0.0793 0.0322 0.0682 0.0575 0.0562 0.0720 0.0694 
3 1 3 0.0437 0.0946 0.1267 0.0562 0.2334 0.0587 0.2807 0.0694 0.1130 0.0369 
4 1 4 0.0191 0.0581 0.4524 0.0352 0.6738 0.0844 0.3557 0.0666 0.4123 0.0641 
5 1 5 0.0085 0.0059 0.4023 0.0000 0.4267 0.0000 0.2626 0.0052 0.20 10 0.0173 
6 1 6 0.0407 0.0178 0.0037 0.085 1 0.0815 0.0342 0.1354 0.0267 0.223 I 0.0441 
7 1 7 0.0233 0.0087 0.2642 0.0052 0.0682 0.0131 0.1041 0.0344 0.055 1 0.0186 
8 1 8 0.0334 0.0789 0.3206 0.0737 0.8004 0.0142 0.02 13 0.0709 0.0000 0.0086 
9 1 10 0.1021 0.1418 0.0071 0.1338 0.0230 0.0134 0.1123 0.0096 0.0637 0.0090 
10 1 11 0.2889 0.2163 0.0071 0.1797 0.0110 0.1419 0.0195 0.2000 0.0230 0.1661 
11 1 12 0.1922 0.1840 0.5834 0.046 1 0.7459 0.2507 0.7011 0.2735 0.8030 0.1449 
12 1 14 0.0254 0.0345 0.6203 0.0250 0.3728 0.0046 0.3533 0.0021 0.4065 0.0000 
13 2 1 0.0153 0.0157 0.1154 0.1211 0.1792 0.2445 0.1528 0.2283 0.1537 0.0367 
14 2 2 0.0141 0.0227 0.0970 0.0129 0.1341 0.036 1 0.0850 0.0156 0.0930 0.1258 
15 2 5 0.9437 0.8244 0.0452 0.9422 0.0633 1.332 1 0.1038 0.7640 0.1014 0.6834 
16 2 6 \ 0.3017 0.3253 0.0105 0.2154 0.0167 0.1162 0.0254 0.1068 0.0147 0.0669 ’ 
17 3 1 0.0376 0.1270 0.0645 0.3663 0.0732 0.0530 0.1330 0.2039 0.065 1 0.2002 
18 3 2 0.3015 0.333 1 0.4333 0.3490 0.4108 0.3161 0.4048 0.4627 0.3625 0.5836 
19 4 6 0.2730 0.2980 0.0083 0.1096 0.0452 0.3896 0.0014 0.5159 0.0000 0.6011 
20 5 1 0.5469 0.3593 0.0749 0.2775 0.2062 0.4782 0.1067 0.9664 0.3825 0.3989 
21 6 1 0.1278 0.1082 0.0095 0.1249 0.02 19 0.0947 0.0699 0.1056 0.0647 0.1555 
22 6 3 0.2076 0.2349 0.0384 0.6292 0.0461 0.45 13 0.0897 0.6428 0.0725 0.8255 
23 6 4 0.1829 0.1278 0.0746 0.3496 0.0747 0.1875 0.0469 0.0633 0.1129 0.0186 
24 7 2 0.2098 0.2778 0.0000 0.0922 0.0000 0.0377 0.0101 0.0949 0.0082 0.0379 
25 7 4 0.0022 0.0385 0.0120 0.1401 0.0068 0.0190 0.0144 0.0668 0.0556 0.0873 
26 7 5 0.2733 0.4573 0.0338 0.4569 0.0177 0.5582 0.0466 0.5354 0.0244 0.5624 
27 7 7 0.2347 0.0520 0.0124 0.1195 0.0339 0.1411 0.0170 0.0438 0.0299 0.0782 
28 8 1 0.0308 0.0932 0.0058 0.0364 0.0003 0.0657 0.0043 0.0364 0.0988 0.0522 
29 8 2 0.0482 0.1224 0.1627 0.0175 0.1607 0.0426 0.1597 0.06 16 0.093 1 0.0634 
30 8 3 0.3155 0.0968 0.0565 0.1592 0.0520 0.3090 0.0664 0.2408 0.1955 0.3792 
31 8 4 0.5867 0.8973 0.00 17 0.6929 0.005 1 0.50 16 0.0057 f 0.4004 0.0000 0.5365 
32 8 8 0.0592 0.0776 0.2086 0.0943 0.1652 0.0715 0.1896 0.0379 0.0371 0.0224 
33 9 3 0.0830 0.0999 0.0492 0.1576 0.1110 0.1416 0.0549 0.0671 0.0286 0.1136 
34 9 4 0.1937 0.2289 1.2085 0.3559 1.1283 0.6837 1.0765 0.0463 0.5169 0.0250 
35 9 5 0.0124 0.023 1 0.1961 0.0246 0.1496 0.0130 0.1832 0.0390 0.1943 0.0163 
36 10 1 0.0177 0.033 1 0.7008 0.0047 0.6119 0.0255 0.6271 0.0374 0.5679 0.0174 
37 10 2 0.4542 0.7405 0.0947 0.72 10 0.43 18 0.6885 0.4649 0.8461 0.4596 0.5987 
38 10 3 0.83 17 0.6613 0.0940 0.4719 0.0411 0.3106 0.0095 0.3064 0.0163 0.4362 
39 10 6 0.1267 0.1183 0.2148 0.0942 0.6015 0.0924 1.0562. 0.1291 0.45 18 0.1692 
40 11 1 j 0.0749 0.0954 0.1195 0.1553 0.0604 0.1560 0.0492 0.1171 0.0572 0.1500 
-41 * 11 2 0.1535 0.2186 0.2841 0.2430 0.4704 0.0131 0.6433 0.0280 0.0000 0.0719 
42 l.l 5 0.0695 0.0404 0.3602 0.1126, 0.1419 0.0877 0.0388 0.0873 0.0398 0.0936 
43 11 7 0.0175 0.0000 0.2125 0.0491 0.2209 0.0162 0.1644 0.0397 0.1644 0.0034 
44 11 - 8 0.0508 0.1010 0.0167 0.1843 0.0278 0.0896 0.0083 0.0823 0.0083 0.0598 
45 11 9 0.2463 0.1945 0.5016 0.6899 0.4692 0.2857 0.3763 0.3101 0.3763 0.3183 
46 12 6 0.1719 0.1085 0.1489 0.0452 0.1493 0.0455 0.1104 0.03 19 0.1104 0.0907 
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Change in Curl Index - Earlywood, 10 Hz - 5 mm 
fiber# 1 
I 
10 100 1000 10,000 
1 0.043 9 0.2989 0.3260 0.2294 0.1232 
2 0.0119 0.0257 0.0360 0.0012 0.0026 
3 0.0508 0.0705 0.1747 0.2113 0.076 1 
4 0.0389 0.4171 i 0.5894 0.2891 0.3482 
5 0.0026 0.4023 0.4267 0.2574 0.1838 
6 0.0228 0.0814 0.0473 ' 0.1087 0.1791 
7 0.0 146 0.2590 0.055 1 0.0698 0.0364 
8 0.0455 0.2469 0.7862 0.0496 0.0086 
10 0.0397 0.1267 0.0096 0.1027 0.0547 
11 s 0.0727 0.1726 0.1309 0.1805 01430 
12 0.0082 0.5373 0.495 1 04276 
14 0.009 1 0.5953 0.3682 
1 0.0005 0.0058 0.0653 , -- 
2 0.0085 0.0841 O-0980 I ii94 I 00 ---4 
I  I  - - - - -  W . - - r  I  v-328 
15 ! 2 5 1 0.1193 1 0.8970 i.zkss 0.6602 0.5820 
)995 O-0813 O-0521 1-p 16 1 2 1 6 1 , 0.0236 0.2048 0-c ---- _.____ 
17 3 1 0.0894 0.3018 io709 0.0203 0.1351 
18 3 2 0.03 16 0.0843 0.0947 0.0579 0.2211 
19 4 6 0.0250 0.1013 0.3444 0.5 145 0.6011 
20 5 1 0.1876 0.2026 0.2720 0.8596 0.0164 
21 6 1 0.0196 0.1155 0.0727 0.0357 0.0908 
22 6 3 0.0272 0.5908 0.4052 0.5532 0.7530 
23 6 4 0.055 1 0.2750 0.1129 0.0163 0.0943 
24 7 2 0.0680 0.0922 0.0377 0.0848 0.0297 
25 7 4 0.0363 0.1281 1 0.0122 0.0523 m-1317 . 1 
26 7 5 0.1840 0.4230 0.5405 0.4888 __-___ 
27 7 7 0.1827 0.1071 0.1071 0.0268 0.0483 
28 8 1 0.0624 0.0306 0.0655 0.0321 0.0466 
29 8 2 0.0741 0.1452 0.1181 0.0981 0.0297 
30 8 3 0.2187 0.1027 0.2569 0.1744 0.1837 
31 8 4 0.3 106 0.6912 0.4965 0.3947 0.5365 
32 8 8 0.0184 0.1143 0.0938 0.1516 0.0 148 
33 9 3 0.0169 0.1085 0.0306 0.0122 0.0850 
1 
34 9 4 0.0353 0.8526 0.4446 1.0302 
35 9 5 0.0107 0.1715 0.1365 0.1442 
I 36 10 1 0.0153 0.696 1 0.5863 0.5897 0.5505 
37 10 2 0.2863 0.6263 0.2567 0.3812 0.1391 
38 10 3 0.1705 0.3780 0.2695 0.2968 0.4199 
- 39 10 6 0.0085 0.1206 0.5092 0.9271 0.2825 
40 11 1 0.0205 0.0358 0.0956 0.0679 0.0929 
41 11 2 0.0651 0.0411 0.4572 0.6153 0.0719 
42 11 5 0.0291 0.2476 0.0542 0.0485 0.0538 
43 11 7 0.0175 0.1635 0.2047 0.1247 0.1610 
44 11 8 0.0502 0.1676 0.0617 0.0740 0.0515 
45 11 9 0.0517 0.1882 0.1835 0.0662 0 0580 
46 12 6 0.0634 0.1037 0.1038 i 00785 I I -.-r-- 7itG--l 
average: 0.0640 0.2572 0.2483 0.2442 0.1963 1 
, st. deviation: 0.0740 0.2289 0.2488 0.2605 0.2084 
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c 
Latewood curl index - 10 Hz, 5mm 
I Latewood Curl Index - 10 Hz. 5 mm I I I I 
Fiber Count Run# Fiber # 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 10000.5 
1 1 1 0.0415 0.0856 0.0641 0.0524 0.0413 0.0339 0.0355 0.0377 0.045 1 0.03 1.9 
\ 2 1 5 0.0198 0.0190 0.2687 0.0097 0.0668 0.0158 0.0338 0.0000 0.0329 0.0000 
1 3 ! 1 ! 6 1 0.3460 1 0.3863 1 0.3097 1 0.15( 11 0.0769 0.1094 0.0918 0.1072 0.0134 0.0264 
4 1 7 0.5239 0.4988 0.2739 0.3572 0.0848 0.1057 0.0741 0.0924 0.1321 0.1584 
5 2 1 0.0532 0.05% 0.0000 0.0941 0.00% 0.0423 0.0128 0.0388 0.0115 0.0514 
6 2 2 0.0355 0.0668 0.0317 0.0491 0.0279 0.0504 0.0556 0.0175 0.0711 0.0294 
7 2 3 0.2917 0.278 1 0.2227 0.2328 0.1807 0.1749 0.1512 0.1688 0.2139 0.1498 
8 2 4 0.1194 0.1660 0.0344 0.0418 0.0406 0.0579 0.0424 0.0175 0.0189 0.0075 
0.0436 0.0451 0.0197 0.0809 0.0415 0.0361 0.0419 
0.0914 0.0254 0.0198 
9 2 5 0.0000 0.0148 0.0351 
10 2 6 0.3601 0.2520 0.4657 0.1065 0.1353 I 0.0578 0.0219 
I 11 4 , , 1 0.3081 0.1492 0.2112 I 0.1804 0.3543 0.2095 0.2235 0.1852 0.3355 0.4375 
1 12 1 4 1 2 1 0.0245 1 0.0179 1 0.0000 1 0.0000 1 0.0166 1 0.0186 1 0.1385 1 0.0071 0.0532 0.0022 
13 4 3 
14 4 .4 
15 4 6 
16 4 7 
0.0302 0.0182 0.0218 0.0085 0.1664 0.0257 0.2477 0.0117 0.0922 0.0147 
0.08 14 0.0694 0.1555 0.4845 0.4035 0.3519 014674 0.6883 0.5687 0.9080 
0.5688 0.9434 0.8144 0.8104 0.%87 0.9587 0.9843 0.9954 0.9228 0.9632 
0.0285 0.0609 0.0295 0.0288 0.0291 0.0393 0.0266 0.0252 0.0279 0.0195 
0.1871 0.3778 0.3852 0.3694 0.4732 0.3880 0.35 18 0.3732 0.5111 0.2927 
0.0131 0.0622 0.0203 0.0363 0.0338 0.0506 0.0444 0.0330 0.0186 0.0610 . 
0.0316 0.1225 0.1316 0.1183 0.1275 0.1013 0.0834 0.1337 0.1807 0.3206 
0.0439 0.0258 0.0748 0.0740 0.0454 0.0092 0.0431 0.0127 0.0989 0.0754 
0.0453 0.0465 0.0185 0.0859 0.0156 0.0227 0.0190 0.0070 0.1013 0.1975 - _ _-_- - _--- - --- _ - -_-- 22 6 2 0.3469 0.2434 0.2162 0.2290 0.0177 0.1483 0.0203 1 0.0862 0.2224 0.0120 
23 6 3 0.0155 0.0131 0.02 18 0.0077 0.0005 0.0000 0.0000 1 0.0000 o.oooo 0.0000 
24 6 11 0.0483 0.0189 0.0465 0.0505 0.0561 0.0228 0.0489 1 0.0142 0.05 11 0.2219 
0 mot 25 6 12 0.4450 0.7366 0.3692 1.0786 0.3379 0.1390 0.8172 0.1674 
26 6 13 0.0316 0.0103 0.0187 0.0457 0.0360 0.0191 0.0622 0.1268 0.0187 0.3257 
7 2 0.3067 0.2971 0.456 1 0.3368 0.6555 0.3242 0.6152 0.3894 0.7535 0.335 1 
3 0.4192 I 0.4725 1 0.3209 E 0.3507 0.4119 0.9155 0.2868 1 0.3294 1 0.3086 1 0.3004 1 0.4059 1 0.6587 1 1 0.3953 1 0.3548 1 0.5286 1 0.5098 1 0.3146 1 0.45% 1 0.5281 1 0.1447 1 4 5 0.9685 0.1147 k 0.5249 0.0297 - 1 0.1227 0.6503 0.1083 
0.1135 
0.6792 0.6631 0.5752 0.7502 0.1107 0.0316 
0.0308 0.0726 0.0522 0.0305 0.0265 0.0610 
0.1158 0.0943 0.0618 0.0860 0.0607 0.0295 32 8 2 0.1464 0.1315 0.1187 - 
33 8 3 0.0793 0.0937 0.0906 1 0.1145 1 0.0780 1 0 I 
8 6 0.0222 E 0.0460 0.0153 0.1388 0.0415 
0.0333 I 0.0000 1 0.0178 1 0.0000 1 0.0223 1 0.0140 1 
I.0892 1 0.0299 1 0.0435 1 0.0364 1 0.0000 1 
0.0194 0.0057 0.0250 0.0211 0.05% 0.0373 
0.2003 0.1501 0.0775 0.0611 0.1100 0.0067 
1 
2 
3 0.0049 1 0.0191 1 0.0955 1 0.0218 1 0.3899 1 0.0000 1 
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Change in curl index - latewood, 10 Hz, 5mm 
! Change Latewood, mm in Curl Index - 10 Hz - 5 
Fiber Count Run# Fiber # 




1 0.0441 0.0117 0.0074 0.0022 0.0132 
2 1 5 0.0009 0.2590 0.0510 0.0338 
3 
0.0329 
1 6 0.0403 0.1596 0.0325 0.0154 
4 
0.0130 
1 7 0.025 1 0.0833 0.0209 0.0183 0.0263 
5 2 1 0.0064 0.0941 0.0327 0.0260 0.0399 
6 2 2 0.0312 0.0174 0.0224 0.038 1 0.0417 
7 2 
8 2 4 0.0466 0.0074 0.0173 0.0249 0.0114 
9 2 5 0.0148 0.0086 0.0253 0.0394 0.0058 
10 2 6 0.1081 0.3593 0.0775 0.0695 0.0056 
11 4 1 0.1588 0.0309 0.1448 0.0383 0.1019 
12 4 2. 0.0067 0.0000 0.0020 0.1314 0.0510 
13 4 3 0.0120 : 0.0133 0.1407 0.2360 0.0775 
14 4 4 0.0120 0.3290 0.0516 0.2209 0.3393 
15 4 6 0.3745 0.003 9 0.0100 0.0111 0.0403 
16 4 7 1 0.0324 0.‘0006 0.0102 0.0013 L 0.0084 
17 5 1 0.1906 0.0158 0.085 1 0.0213 0.2 184 
18 5 3 0.049 1 0.0160 0.0168 0.0114 0.0424 
19 5 4 0.0908 0.0133 0.0263 0.0503 0.1399 
20 5 6 0.0181 0.0008 0.0362 0.0304 0.0234 
21 6 1 0.0012 0.0674 0.0072 0.0121 0.0961 
22 6 2 0.1035 0.0128 0.1305 0.0659 0.2105 
23 6 3 0.0024 0.0141 0.0005 0.0000 0.0000 
24 6 11 0.0294 0.0040 0.0334 0.0347 0.1708 
25 6 , 12 0.2916 0.7094 0.1989 0.6498 26 6 13 0.7966 
0.0214 0.0270 0.0168 0.0646 0.3070 
27 7 2 0.0096 0.1193 0.3312 0.2257 0.4183 
28 7 3 0.0685 0.1516 0.0426 0.0083 0.2528 
29 7 4 0.0000 0.0405 0.0188 0.1450 0.3834 
30 7 5 0.0530 0.1254 0.0160 0.1750 0.0792 
31 8 1 0.0080 0.0785 0.0417 0.0216 0.0345 
32 8 2 0.0149 0.0053 0.0215 0.0242 0.03 11 
33 8 3 0.0144 0.0240 0.0111 0.0136 0.0364 
34 8 6 0.023 8 0.0732 0.0333 0.0178 0.0082 
35 9 1 0.0142 0.0380 0.0137 0.0039 0.0223 
36 9 2 0.0482 0.0330 0.0502 0.0165 0.1033 
37 9 3 0.0219 0.0094 0.0141 0.0737 0.3899 
38 9 5 0.0173 0.0083 0.0660 0.0789 0.0597 
39 9 7 0.0754 0.1059 0.0488 w90 0.7425 
40 10 2 0.0859 0.0262 0.0236 0.077 1 0.3458 
41 10 t 3 0.0178 . 0.1219 0.0218 0.1178 . 0.4680 
42 10 4 , 0.0061 0.0121 0.0096 0.0112 0.6315 
43 11 1 0.2428 0.1859 0.073 1 0.0603 0.4682 
44 11 2 0.0858 0.0514 0.0433 0.0694 0.0587 
45 11 3 0.0256 0.0381 0.0028 0.0055 0.1193 
46 12 , 2 0.0201 0.5630 0.1755 0.0313 0.1958 
47 12 3 0.0405 0.0178 0.0852 0.0206 0.1751 
48 13 , 2 0.0188 0.0172 0.8728 0.1905 0.0519 
49 13 3 0.0118 0.1286 1.5645 0.1343 0.1545 
50 13 4 0.2199 0.0152 0.3519 0.2197 0.0868 
51 13 6 0.0000 0.2226 0.3235 0.1942 0.1911 
52 13 0.0148 7 0.0193 0.0165 0.0150 0.1147 
average: .0.0556 0.0865 0.1053 0.0737 0.1635 
. St. deviation: 0.0784 0.1391 0.2488 0.1062 0.1919 ~ 
190 
Earlywood curl index and change in curl index - 10 Hz, 4mm 
Curl Index Earlywood - 10 Hz - 4mm \ 
0 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 10000.5 
0.0107 0.0118 0.0146 0.0396 0.0601 0.0537 0.0293 0.0677 0.0232 0.0248 0.0169 
-0.0525 0.0269 0.0796 0.0446 0.0159 0.0571 0.0166 0.0364 0.0235 0.0258 0.0206 
0.0208 0.0234 0.0223 0.0364 0.0579 0.0270 0.0561 0.0212 0.0098 0.0117 0.0269 
0.0201 0.0146 0.0000 0.0029 0.0071 0.0049 0.0094 0.0128 0.0293 0.0144 0.0081 
0.1965 0.4689 0.2373 0.3689 0.2052 0.429 1 0.3267 0.3746 0.3116 0.2117 0.2508 
0.0224 0.0357 0.0606 0.0446 0.0544 0.0568 0.0320 0.0570 0.0566 0.0545 0.0654 
0.5440 0.5075 0.6387 0.3090 0.2262 0.4430 0.2763 0.3685 0.3634 0.3769 0.3749 
0.2126 0.2005 0.1935 0.2184 0.2668 0.2278 0.2488 0.2757 0.2780 0.2263 0.2676 
0.0661 0.0248 0.0828 0.0555 0.0131 0.0343 0.0392 0.0682 0.0000 0.0139 0.0064 
0.0704 0.1138 0.1447 0.1877 0.1210 0.1101 0.1057 0.2479 0.1017 0.1694 0.1185 
0.0210 0.0340 0.0413 0.0146 0.0557 0.0671 0.1184 0.1108 0.0526 0.0707 0.0505 
0.0399 0.0545 0.0337 0.0376 0.0257 0.0273 0.0763 0.0513 0.0447 0.2034 0.1290 
0.0178 0.0220 0.0233 0.0331 0.0225 0.0293 0.0232 0.0240 0.0590 0.0288 0.0397 
0.1425 0.1126 0.1524 0.1084 0.1088 0.1909 0.2201 0.2499 0.1683 0.2809 0. I927 
0.0852 0.1203 0.1003 0.1147 0.0321 0.1346 0.0813 0.1521 0.1155 0.1066 0.1077 
0.0000 0.0015 0.0087 0.0024 0.0090 0.0205 0.0000 0.0041 0.0052 0.0000 0.0000 
0.0000 0.0086 0.0329 0.0111 0.0102 0.0056 0.0069 0.0133 0.0277 0.0182 0.0134 
0.0227 0.0539 0.0329 0.1708 0.0560 0.0821 0.0471 0.0808 0.0403 0.0854 0.0452 
0.0286 0.0321 0.0422 0.0003 0.0193 0.0410 0.0470 0.0138 0.0233 0.0246 0.0097 
0.1177 0.1956 0.2429 0.2773 0.2422 0.2087 0.1237 0.2963 0.2306 0.1479 0.2122 
0.0119 0.0245 0.0284 0.0279 0.0241 0.0204 0.0205 0.0400 0.0316 0.0420 0.0647 
0.0268 0.0342 0.0407 0.0310 0.0407 0.0439 0.0193 0.0043 0.0255 0.0187 0.0261 
0.0297 0.0533 0.0359 0.0156 0.03 89 0.0185 0.0299 0.0317 0.0392 0.0384 0.0285 
0.1550 0.1104 0.0574 0.0571 0.0311 0.1199 0.0600 0.0236 0.0470 0.0766 0.0879 
0.1788 0.2216 0.2681 0.1815 0.289 1 0.3602 0.4502 0.4016 0.6258 0.5379 0.4369 
0.1024 0.1181 0.0850 0.0515 0.0997 0.1096 0.0861 0.0379 0.1222 0.0372 0.0514 
A Curl Index Earlywood - 10 Hz - 4mm 
1 10 -loo 1000 10000 
average 
0.0028 0.0205 0.0244 0.0446 0.0079 
0.0527 0.0286 0.0406 0.0129 0.0052 
0.0011 0.0215 0.029 1 0.0114 0.0152 
0.0146 0.0041 0.0045 0.0164 0.0063 
0.2316 0.1636 0.1023 0.0630 0.0391 
0.0249 0.0098 0.0249 0.0004 0.0109 
0.1312 0.0828 0.1667 0.0050 0.0020 
0.0070 0.0484 0.0209 0.0023 0.0413 
0.0580 0.0424 0.0049 0.0682 0.0075 
0.0310 0.0666 0.0044 0.1462 0.0509 
0.0072 0.0411 0.0513 0.0582 0.0202 
0.0208 0.0119 0.0489 0.0065 0.0743 
0.0013 0.0106 0.0061 0.0350 0.0109 
0.0398 0.0005 0.029 1 0.0816 0.0883 
0.0200 0.0827 0.0534 0.0366 0.0011 
0.0073 0.0065 0.0205 0.0011 0.0000 
0.0244 0.0009 0.0012 0.0144 0.0049 
0.0210 0.1147 0.0351 0.0405 0.0402 
0.0101 0.0190 0.0060 0.0096 0.0149 
0.0473 0.0351 0.0850 0.0657 0.0643 
0.0039 0.0038 0.000 1 0.0085 0.0227 
0.0065 0.0097 0.0246 0.0213 0.0074 
0.0174 0.0233 0.0114 0.0075 0.0100 
0.0529 0.0260 0.0599 0.0233 0.0113 
0.0465 0.1076 0.0900 0.2242 0.1009 
0.0331 0.0482 0.0234 0.0843 0.0141 
0.0352 0.0396 0.0373 0.0419 0.0258 
191 
Latewood curl index and change in curl index - 10 Hz, 4mm 
0 1 1.5 
0.1075 0.1052 0.0926 
Cur31 Index Latewood - 10 Hz - 4mm 
10 10.5 100 100.5 1000 1000.5 10000 10000.5 
0.1181 0.0682 0.2124 0.1852 0.1359 0.0773 0.1730 0.353 1 
0.1465 0.1715 0.1546 0.1598 0.2028 0.2139 0.2066 0.2049 0.1913 0.1833 0.1147 
0.1207 0.0612 0.1662 0.1479 0.066 1 0.0845 0.0695 0.047 I 0.0785 0.0686 0.0559 
0.0182 0.0250 0.0359 0.0298 0.0711 0.0550 0.0527 0.0403 0.0587 0.0600 0.0458 
0.143-l 0.1514 0.3588 0.1942 0.2818 0.29 18 0.2800 0.2673 0.2377 0.2629 0.2772 
0.060 1 0.0785 0.0629 0.0416 0.1797 0.075 1 0.0822 0.1592 0.1406 0.1194 0.1058 
0.3373 0.3874 0.3023 0.2767 0.4447 0.4050 0.3191 0.3746 0.5887 0.4734 0.2772 
0.1075 0.1834 0.1759 0.2642 0.1368 0.2047 0.1366 0.233 1 0.2832 0.1093 0.1765 
0.4090 0.2017 0.2563 0.1558 0.1597 0.2455 0.2268 0.2200 0.2707 0.3364 0.2648 
0.0274 0.0160 0.0299 0.0229 0.0026 0.0184 0.0360 0.0253 0.0258 0.0304 0.0297 
0.0845 0.0150 0.0679 0.0666 0.054 1 0.0927 0.0448 0.0397 0.0550 0.0672 0.0191 
0.0000 0.0050 0.022 1 0.0103 0.0452 0.0137 0.0226 0.0178 0.0248 0.0156 0.0216 
0.0000 0.0000 0.0113 0.0000 0.0210 0.0034 0.0025 0.0101 0.0046 0.0000 0.0011 
0.0220 b.0234 0.0822 0.0324 0.03 18 0.0357 0.0142 0.0479 0.0249 0.0468 0.0623 
0.2000 0.1905 0.1390 0.1491 0.0635 0.08 12 0.0944 0.0990 0.0865 0.0776 0.0650 
0.0644 0.1334 0.0715 0.0696 0.1273 0.0680 0.0729 0.0868 0.0554 0.0575 0.0756 
0.6109 0.546 1 0.5305 0.5014 0.6466 0.6124 0.3911 0.3998 0.2817 0.2937 0.3991 
0.0326 0.0223 0.0074 0.047 1 0.0355 0.0020 0.0 174 0.0189 0.0133 0.0 144 0.0264 
0.1346 0.0498 0.0509 0.1055 0.0927 0.0205 0.0690 0.0146 0.0683 0.0445 0.0389 
0.0181 0.0056 0.0757 0.0274 0.0903 0.0452 0.0503 0.0239 0.0265 0.0300 0.0284 
0.0616 0.0615 0.0565 0.0121 0.0639 0.0000 0.0323 0.0083 0.0 196 0.008 1 0.0333 
0.1678 0.2845 0.1048 0.1243 0.181 I 0.1671 0.1745 0.3517 0.5219 0.1559 0.1685 
0.4757 0.1861 0.1385 0.254 1 0.2212 0.2345 0.2488 0.2635 0.1704 0.2008 0.1509 
0.0415 0.0188 0.0179 0.0147 0.0183 0.006 1 0.0124 0.0126 0.0115 0.0214 0.0087 
0.0884 0.0763 0.1223 0.0765 0.1307 0.0907 0.W 0.0609 0.1459 0.0442 0.065 1 
A Curl Index Latewood - 10 Hz - 4mm 
1 10 100 1000 10000 
0.0126 0.0499 0.0272 0.0586 0.1800 
0.0169 0.0430 0.0073 0.0136 0.0686 
0.1049 0.0819 0.0150 0.03 14 0.0127 
0.0110 0.0413 0.0023 0.0184 0.0142 
0.2074 0.0875 0.0118 0.0296 0.0 143 
0.0157 0.1381 0.007 1 0.0186 0.0136 
0.085 1 0.1680 0.0859 0.2141 0.1962 
0.0075 0.1274 0.068 1 0.050 1 0.0672 
0.0546 0.0039 0.0187 0.0507 0.0715 
0.0139 0.0203 0.0176 0.0005 0.0007 
0.0529 0.0124 0.0479 0.0153 0.0480 
0.0170 0.0349 0.0089 0.0070 0.0060 
0.0113 0.0210 0.0009 0.0055 0.0011 
0.0588 0.0006 0.0215 0.0230 0.0155 
0.0515 0.0857 0.0132 0.0126 0.0126 
0.0619 0.0577 0.0049 0.03 15 0.0181 
0.0157 0.1451 0.22 13 0.1181 0.1055 
0.0149 0.0116 0.0154 0.0057 0.0120 
0.0011 0.0128 0.0485 0.0537 0.0056 
0.070 1 0.0629 0.005 1 0.0026 0.0016 
0.0050 0.0518 0.0323 G.0113 0.025 1 
0.1797 0.0568 0.0074 0.1702 0.0127 
0.0476 0.0329 0.0142 0.093 1 0.0499 
0.0009 0.0036 0.0063 0.0012 0.0127 
0.0460 0.0542 0.0204 0.0849 0.0209 
average 0.0466 0.0562 0.0292 0.0448 0.0395 
I.92 
c 
Earlywood curl index and change in curl index - 10 Hz, 3mm 
Curl Index Earlywood - 10 Hz - 3mm 
0 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 10000.5 
0.0995 0.0476 0.0943 0.0972 0.0482 0.0442 0.0519 0.1159 0.1234 0.0613 0.0622 
0.0174 0.0323 0.0133 0.0093 0.0237 0.0110 0.0279 0.0225 0.0204 0.0535 
0.8542 0.9079 1.0338 1.0615 0.692 1 0.6550 0.4654 0.5888 0.5525 0.6416 
0.0175 0.0274 0.0783 0.1012 0.0913 0.0732 0.0660 0.0713 0.0351 0.0666 
0.2927 0.0358 0.0928 0.0937 0.089 1 0.2406 0.1158 0.0568 0.0611 0.3468 
1.1369 1.1002 1 a3206 0.7933 0.7870 0.7846 0.787 1 0.7207 0.8523 0.8433 
0.0313 0.0247 0.057 1 0.2216 0.1231 0.0969 0.1470 0.0700 0.1411 0.0599 
0.023 1 0.0367 0.0186 0.0279 0.0258 0.0642 0.0446 0.0364 0.0244 0.0223 
0.2677 0.3240 0.278 1 0.2412 0.1448 0.2074 0.1952 0.3333 0.1841 0.1797 
0.0872 0.0289 0.0623 0.0106 0.0194 0.0309 0.0222 0.0440 0.0187 0.053 3 
0.7636 0.9617 1.0327 0.8178 0.6760 0.3528 0.2797 0.1776 0.1715 0.0378 
0.1628 0.0375 0.0556 0.0764 0.0245 0.0498 0.0620 0.0343 0.0697 0.0215 
0.0297 0.0000 0.0172 0.0429 0.0493 0.0336 0.0316 0.0084 0.0090 0.0045 
0.404 1 0.208 1 0.0978 0.0556 0.1873 0.0477 0.0079 0.0280 0.0276 0.0189 
0.0608 0.0637 0.0295 0.0634 0.048 1 0.0113 0.0819 0.0540 0.0428 0.0866 















0.0467 0.0490 0.0078 
0.0190 0.0144 0.0169 
0.1259 0.3693 0.1895 
0.0509 0.0099 0.0072 
0.0570 0.0046 0.1248 
0.2204 0.0063 0.0025 
0.0324 0.0985 0.0502 
0.0181 0.002 1 0.0196 
0.0459 0.0964 0.0122 
0.0334 0.0088 0.0087 
0.0709 0.1418 0.073 1 
0.0181 0.05 19 0.0121 
0.0172 0.0064 0.0020 
0.1103 0.1316 0.0398 
0.034 1 0.0153 0.0707 




































Latewood curl index and change in curl index - 10 Hz, 3mm 
0 1 1.5 
Curl Index Latewood - 10 Hz - 3mm 

























0.0982 0.1047 0.0636 0.0457 
0.0233 0.1086 0.0793 0.1156 
0.3026 0.3 108 0.3068 0.2999 
0.0789 0.1102 0.0215 0.0779 
0.5675 0.4469 0.4523 0.3761 
0.0309 0.1549 0.2070 0.1693 
0.0297 0.0290 0.0248 0.0569 
0.0839 0.1603 0.0782 0.0924 
0.2939 0.3497 0.0876 0.2184 
0.0277 0.0537 0.0524 0.053 1 
0.586 1 0.7655 0.8413 0.8397 
0.0808 0.0821 0.0606 0.0949 
0.3 160 0.447 1 0.1817 0.2169 
0.7772 0.9849 0.9340 0.6637 
0.2992 0.2094 0.2663 0.4028 
0.0176 0.0240 0.0234 0.008 1 
0.8688 0.8422 0.7835 0.5423 
0.1478 0.3003 0.1740 0.2049 
0.0172 0.0000 0.0000 0.0000 
0.0187 0.0340 0.0328 0.0295 
0.1165 0.4506 0.3906 0.7279 
0.0203 0.009 1 0.0 174 0.0118 
0.0302 0.0593 0.0665 0.1807 

























0.0894 0.1335 0.1949 0.0625 0.0546 
0.0357 0.1693 0.0833 0.0298 0.0232 
0.4147 0.3256 0.4187 0.3634 0.3604 
0.1095 0.0210 0.0547 0.0679 0.0422 
0.430 1 0.3353 0.3704 0.3106 0.5494 
0.1583 0.1901 0.2149 0.223 1 0.2517 
0.0189 0.0205 0.0258 0.0170 0.0264 
0.0565 0.1535 0.0613 0.1064 0.1246 
0.2528 0.1416 0.1767 0.2814 0.1041 
0.0666 0.1969 0.1896 0.0263 0.2059 
0.7076 0.7843 0.7445 0.7899 0.674 1 
0.03 11 0.0438 0.0343 0.0446 0.0366 
0.2617 0.5257 0.1109 0.2038 0.3 152 
0.9459 0.2059 0.1080 0.7054 0.2039 
0.3 105 0.3004 0.2410 0.2512 0.1821 
0.0200 0.0199 0.0156 0.0158 0.0117 
0.8798 0.7192 0.8533 0.7126 0.7477 
0.2785 0.1633 0.1713 0.0869 0.1531 
0.0209 0.0806 0.0190 0.020 1 0.0045 
0.0000 0.048 1 0.0000 0.0155 0.0174 
0.7432 0.3669 0.8284 0.7060 0.4011 
0.03 87 0.0346 0.0233 0.026 1 0.03 15 
0.1744 0.0982 0.1330 0. io41 0.0646 
0.3130 0.2819 0.4156 0.3895 0.2632 
A Curl Index Latewood - 10 Hz - 3mm 
1 10 100 1000 10000 
0.0065 0.0179 0.0564 0.0614 0.0079 
0.0853 0.0363 0.0376 0.0860 0.0066 
0.0082 0.0069 0.1698 0.093 1 0.0030 
0.03 14 0.0564 0.0628 0.0337 0.0257 
0.1206 0.0762 0.3580 0.03 50 0.2389 
0.1241 0.0376 0.1801 0.0248 0.0286 
0.0007 0.032 1 0.1748 0.0053 0.0094 
0.0764 0.0143 0.1224 0.0922 0.0182 
0.0558 0.1308 0.1460 0.0351 0.1773 
0.0260 0.0006 0.0129 0.0072 0.1796 
0.1794 0.0016 0.0443 0.0398 0.1158 
0.0013 0.0343 0.0093 0.0095 0.0080 
0.1311 0.0352 0.0629 0.4148 0.1114 
0.2077 0.2703 0.1954 0.0979 0.5015 
0.0899 0.1365 0.1621 0.0594 0.069 1 
0.0064 0.0154 0.0199 0.0043 0.0040 
0.0266 0.2412 0.1659 0.1341 0.035 1 
0.1525 0.03 10 0.1112 0.0080 0.0662 
0.0172 0.0000 0.0148 0.0615 0.0156 
0.0154 0.0033 0.0000 0.048 1 0.00 19 
0.3341 0.3373 0.4325 0.4615 0.3050 
0.0112 0.0056 0.0077 0.0113 0.0054 
0.029 1 0.1142 0.1136 0.0348 0.0394 
0.1642 0.1241 0.0358 0.1337 0.1263 
0.0792 0.0733 0.1123 0.0830 0.0875 
594 
Curl Index Earlywood - 30 Hz, 5mm A Curl Index Earlywood - 30 EICZ, 5mm 
0 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 10000.5 1 10 100 1000 1OOoO 
0.2691 0.2475 0.2295 0.2292 0.2421 0.2331 0.1991 0.2265 0.1868 0.2249 0.2256 0.0180 0.0129 0.0340 0.0397 0.0007 
0.0106 0.0203 0.0306 0.0330 0.0092 0.0144 0.0209 0.0301 0.0183 0.0245 0.0154 0.0104 0.0238 0.0064 0.0118 0.0091 
0.1705 0.2167 0.2173 0.2278 0.1947 0.2683 0.2453 0.2238 6.1969 0.2201 0.2556 0.0006 0.0331 0.0230 0.0269 0.0355 
0.0920 0.0593 0.0324 0.0891 '0.0371 0.0714 0.0616 0.0450 0.0616 0.0626 0.0648 0.0269 0.0519 0.0098 0.0166 0.0022 
0.0618 .0.0508 0.0977 0.1064 0.0654 0.1071 0.1041 0.1138 0.0859 0.1033 0.1009 0.0469 0.0410 0.0030 0.0279 0.0025 
0.0404 0.0791 0.0190 0.0161 0.0308 0.0153 0.0337 0.0235 0.0087 0.0288 0.0178 0.0601 0.0148 0.0185 0.0149 0.0110 
0.3971 0.5187 0.5009 0.5887 0.6094 0.6209 0.6121 0.4908 0.7020 0.8284 0.7020 0.0178 0.0207 0.0088 0.2111 0.1263 
0.2245 0.2797 b.3176 0.3201 0.2819 0.3109 0.3913 0.3266 0.3154 0.5216 0.4204 0.0380 0.0382 0.0804 0.0112 0.1012 
0.5358 0.5534 0.4058 0.5454 0.5226 0.5324 0.5209 0.5039 0.4747 0.5952 0.5269 0.1476 0.0228 0.0115 0.0293 0.0682 
0.0327 0.0383 0.0174 0.0280 0.0553 0.0343 0.1369 0.0453 0.0323 0.0608 0.0312 0.0209 0.0274 0.1026 0.0130 0.02% 
0.0454 0.0294 0.0302 0.0258 0.0103 0.0199 0.0075 0.0379 0.0077 0.0120 0.0238 0.0008 0.0156 0.0125 0.0302 0.0117 
0.3362 0.2060 0.2705 0.2183 0.2620 0.2306 0.2420 0.2374 0.2444 0.2706 0.2735 0.0645 0.0437 0.0114 0.0070 0.0029 
0.0128 0.0290 0.0392 0.0427 0.0524 0.0456 0.0661 0.1124 0.0197 0.0259 MM)00 0.0102 0.0096 0.0206 0.0926 0.0259 
0.3957 0.4487 0.2447 0.2706 0.2982 0.2137 0.3036 0.3645 0.3859 0.0000 0.0000 0.2040 0.0275 0.0898 0.0214 0.0000 
0.6242 0.6621 0.4266 0.5681 0.7961 0.6261 0.6507 0.7227 0.6853 0.3950 0.4917 0.2355 0.2280 0.0246 0.0374 0.0967 
0.2210 0.1912 0.1993 0.3562 0.3250 0.2264 0.3162 0.3O64 0.3894 0.3077 0.2776 0.0081 0.0313 0.0898 0.0830 0.0301 
0.0915 0.0888 0.1203 0.1281 0.1384 0.1098 0.2117 0.0872 0.0584 0.0‘765 0.0604 0.0315 0.0103 0.1019 0.0289 0.0161 
0.1645 0.2962 0.3333 0.3993 0.2540 0.5306 0.5221 0.4617 0.5817 0.5708 0.5275 0.0372 0.1453 0.0085 0.1200 0.0433 
0.6184 0.5644 0.8593 0.9250 0.8972 0.8087 0.8523 0.8267 0.8105 0.7362 0.7965 0.2950 0.0278 0.0436 0.0162 0.0603 
0.6601 0.8530 1.0858 0.9557 1.0108 1.2451 0.9982 1.0023 1.0541 1.0879 1.0396 0.2329 O.OiSl 0.2469 0.0518 0.0482 
0.0010 0.0000 0.0000 0.0125 0.0222 0.0165 0.0012 0.0000 0.0089 0.0156 0.0130 0.0000 0.0097 0.0153 0.0089 0.0026 
0.3762 0.2983 0.2528 0.1820 0.1603 0.2013 0.2152 0.2011 0.2847 0.2195 0.2760 0.0455 0.0217 0.0139 0.0836 0.0565 
0.1535 0.0813 0.0991 0.0503 0.0686 0.0514 0.0855 0.1291 0.1390 0.3045 0.0906 0.0178 0.0182 0.0341 0.0099 0.2139 
0.3698 0.3165 0.3098 0.3832 0.3085 0.3381 0.3982 0.3483 0.4149 OB655 0.3144 0.0068 0.0746 0.0601 0.0666 0.2489 
0.0481 0.0634 0.0479 0.1404 0.2901 0.3623 0.0965 0.2493 0.2760 0.3286 0.6166 0.0155 0.1497 0.2658 0.0266 0.2880 
0.0176 0.0931 0.0994 0.0875 0.0418 
0.1147 0.1170 0.0785 0.1147 0.0608 0.1543 0.0531 0.0495 0.1310 0.0446 0.0788 
0.1592 0.2708 0.1109 0.2063 0.2267 0.1583 0.1671 0.1436 0.1377 0.1394 0.1314 0.1599 0.0203 0.0088 0.0059 0.0080 
0.0061 0.0211 0.0135 0.0329 0.0734 0.0092 0.0083 0.0251 0.0127 0.0065 0.0053 0.0076 0.0404 0.0009 0.0124 0.0012 
0.0510 0.1316 0.0954 0.0980 0.1315 0.1106 0.1647 0.0617 0.1585 0.1266 0.1257 0.0362 0.0334 0.0540 0.0969 0.0009 
0.0825 0.1537 0.1744 0.1139 0.1590 0.1757 0.1313 0.0928 0.1853 0.1173 0.0927 0.0207 0.0451 0.0443 0.0924 0.0246 
0.0368 0.0320 0.0303 0.0264 0.0734 0.0563 0.0470 0.0390 0.0448 0.0712 0.0606 0.0017 0.0469 0.0093 0.0058 0.0106 
0.0273 0.0450 0.0566 0.0474 0.0958 0.0455 0.0795 0.0621 0.0509 0.0653 0.1021 0.0117 0.0483 0.0340 0.0112 0.0369 
0.0036 0.0452 0.2129 0.1234 0.1966 0.1464 0.4683 0.0700 0.0689 0.1195 0.1133 0.1677 0.0732 0.3219 0.0011 0.0061 
0.0605 0.1365 0.1176 0.1786 0.2100 0.1295 0.1934 0.1818 0.0775 0.1304 0.2092 0.0189 0.0314 @0639 0.1043 0.0788 
0.1184 0.1485 0.1166 0.1270 0.0900 0.1279 0.1530 0.1194 0.1683 0.0958 0.2234 0.0319 0.0371 0.0251 0.0489 0.1276 
0.0898 0.1898 0.1836 0.2013 0.1304 0.0636 0.0958 0.0675 0.1062 0.0982 0.0637 0.0061 0.0709 0.0323 0.0386 0.0346 
0.0314 0.0077 0.0442 0.0299 0.0464 0.0499 0.0392 0.0288 0.0377 0.0169 0.0692 0.0364 0.0165 0.0107 0.0089 0.0523 
avenge: 0.0556 0.0481 0.0570 0.0446 0.0554 , 
Latewood curl index and change in curl index - 30 Hz, 5mm 
I 0.20611 0.2013 




f 0.13541 0.1072 
1 0.02531 0.0473 
I 0.19376 a1337 
I 0.10091 0.1137 
1 0.02381 0.0251 
1 0.15821 0.1643 
I 0.04741 0.0701 
t- 
I 0.07371 0.0513 
1 0.03Olj 0.0289 
1 0.0400) 0.0309 
1 0.20781 0.2789 
1 0.69121 0.6523 
1 0.38021 0.3175 
1 0.0235l 0.0714 
1 0.78001 0.4957 
1 0.05211 0.0648 
1 0.09181 0.0963 
1 0.16301 0.1633 
1 0.34731 0.4589 
kg428 0.2419 
0.2124 0.1893 









Curl Index Earlywood - 30 Hz, 4mm A Curl Index Earlywood - 30 Hz, 4mm 
0 1 I.5 10 10.5 100 100.5 1000 L 
---_. *-/ 
1000.5 10,000 10,000.5 1 10 100 1000 10000 
0.0370 0.07 14 0.1265 0.1595 0.1389 0.1534 0.1497 0.1474 . 0.2047 0.2078 0.1627 0.055 1 0.0206 0.0037 0.0574 0.045 1 
0.0635 0.02 19 0.0537 0.0837 0.1009 0.0373 0.0280 0.0357 0.0228 0.0226 0.0275 -- -~-- 0.0318 0.0172 -- _--- 0.0093 0.0129 0.0049 
0.0542 0.0800 0.0599 0.0980 0.0515 0.0637 0.0356 0.0590 0.0780 0.0903 0.0892 
- ----- 
0.020 1 0.0465 0.0281 -_-- ~._._ -_ 0.0 190 0.00 11 
ii.6769 0.6754 0.7246 0.659 1 0.6507 0.6239 0.663 1 0.6378 0.6693 0.7663 0.67 11 0.0493 0.0083 0.0392 -_. .- --_. --.- 0.0315 0.095 1 
0.0219 . 0.0279 0.0444 0.0335 0.0437 0.0246 0.0237 0.0168 0.0109 0.0230 --iicE 0.0165 0.0102 ___-_.____ __ 0.0009 0.0060 0.007 1 
0.4992 0.5729 0.526 1 0.4435 0.3496 0.5645 0.36 10 0.4207 0.4914 0.5036 0.3881 
o,0467-- - -. ---_____ ~----_ 
0.0939 0.2035 0.0707 0.1155 
0.2659 0.2213 0.3158 0.3822 0.3719 -ii?ij?- -- - il.2948 0.2562 0.2523 0.2075 0.2394 0.0946 0.0104 ~--- .- --- __ 0.08 11 0.0039 
0.0247 0.0280 0.0375 0.0300 
I --_-_.--- 0.03 19 
0.0313 0.0284 0.0325 0.0263 0.0483 0.0328 0.0448 0.0095 0.0013 0.004-i 0.0220 0.0120 
0.1743 0.1670 0.1191. --ii1502 0.1832 0.2095 0.1390 0.1441 0.1893 0.1623 
o. 1967 --- . . . . ~_.- .- 
0.0477 0.0330 
0.1143 
. -- 0.0705 0.0452 0.0343 
0.1350 0.1107 0.1021 -.---o.--- 0.0613 0.0284 0.0224 0.05 14 0.1165 0.1295 0.0243 
_ ._~ - 
0.0765 --- -..- 0.0329 
0.0083 0.04 12 0.0206 0.0139 
---- 0.0290 0.0129 
0.0063 0.0326 0.0667 0.0181 0.052 1 0.0363 0.0262 0.0207 0.0076 0.034 1 0.0340 0.0101 - _. .___ ---- 
0.0830 0.1038 0.0829 0.0879 0.0862 0.0714 0.0762 0.0725 0.075 1 0.0797 0.079 1 0.02 10 
.--. 
0.0017 -.-_ _ 0.0048 0.0026 ----G%O7 
0.4811 0.472 1 0.4588 0.3734 0.4763 
o,4886 - o.jo12.-- ---- -.---___- 
0.5584 0.6000 0.5177 0.6452 0.0133 0.1029 0.0127 0.0415 0.1275 
0.0558 
__- -
0.0677 0.0913 0.0374 0.0850 0.0628 0.0584 0.0686 0.0633 0.0447 0.0395 
-___._ --. - 
0.0236 0.0476 _ _.-- 0.0044 0.0054 --_~ . - -~ _- _ 0.005 1 
0.0959 0.1221 0.1434 0.1158 0.1344 0.0274 0.072 1 0.3225 0.3206 0.3173 0.2809 0.0213 0.0185 0.0447 --- -----__ -. 0.0019 0.0364 
0.0205 0.0247 0.0093 0.0144 0.0185 
--~__ - 
0.0325 0.0128 0.0178 0.0070 0.0159 0.0355 0.0153 0.004 1 0.0198 __-.. - 0.0107 0.0196 
0.0178 0.0305 0.008 1 0.0200 0.0243 0.037 1 0.0435 0.0199 0.0242 
---- I_.. 
0.0383 
----- - __._- 
0.0246 0.0224 0.0043 ---_ _.----__. ._- 0.0065 0.0043 0.0137 
0.3209 0.2823 0.1911 0.2914 0.2954 0.2554 0.2995 0.2428 0.2702 0.4144 0.3691 0.0912 0.0040 0.044 1 0.0275 
0.0260 
-___-________. . 0.0453 
0.0520 0.0567 0.0210 0.0644 0.070 1 0.065 1 0.0576 0.0308 0.0547 0.1035 0.0048 0.0433 0.0050 0.0268 0.0488 
0.0503 0.0758 0.0254 -- ---_____ 0.0598 0.0519 0.0585 0.0298 0.0380 
-. -_.- 
0.0407 0.043 1 0.0551 - 0.0504 0.0080 0.0287 0.0027 0.0120 
average 0.0340 
_ __~ _. 
0.0280 0.0339 0.0227 0.0340 
Curl Index Latewood - 30 Hz, 4mm I I 
I 
I 
0 I 1.5 10 10.5 100 100.5 1000 1000.5 10,000 
0.1557 0.1031 0.0000 0.0000 0.0000 0.0000 0.0000 0.1129 0.0237 0.0650 
0.1284 0.0769 0.0585 0.0291 0.0174 0.0178 0.0180 0.0238 0.0065 0.03 11 I 
OjI7251-0.0225 --I- --%-ki- t 0.0000 1 0.0390 1 0.0427 1 0.0479 1 
I I ------ 
0.1344 I 010700 I 0.1046 . -.-- _- *-- .__ -- ~... . ..- ---- - .--- - _________ 
0.0570 0.0342 0.0235 0.0889 0.1194 0.1110 ok- 0.0000 0;0000 0.0000 
0.0148 0.0094 0.0088 0.0142 0.0088 0.0110 0.0076 0.0174 0.0161 0.0340 
0.1004 0.0184 0.0222 0.0118 0.0237 0.0264 0.0000 0.0719 0.0261 0.2312 
0.1819 0.1971 0.1986 0.1731 0.4512 0.1984 0.2274 0.2348 0.1809 0.2F- 
0.0419 0.0525 0.0220 0.0321 0.0408 0.0539 0.0284 0.0706 0.0259 0.0797 ._ -.--_-- 
--~ 0.0563 0.1481 0.1085 0.1386 0.1101 0.0751 0.1067 0.0635 0.2015 0.0991 
0.4214 0.3169 0.3229 0.3862 0.2463 0.2636 0.2844 0.3181 0.4808 0.3121 
0.1650 0.1762 0.1826 0.2409 0.1771 0.1152 0.1478 0.2567 0.2888 0.2621 
0.1928 0.2908 0.3783 0.5298 0.3943 0.2471 0.1917 0.1870 0.2336 0.2457 
o,4668. 




~- - -- - _- .__. - ____ - __ ________ 
0.2540 0.4669 0.2274 0.4079 0.4817 0.3731 0.4307 ~.-__ 
0.0217 0.0120 0.0078 0.0088 0.0332 0.0207 0.0353 0.0143 0.0051 0.0072 
0.2784 0.1266 0.1521 0.1093 0.2655 0.2995 0.0596 0.1087 -0.0567 0.0676 -_-- _ - --_---__ __ - - ---___ ---__ 
0.4623 0.6500 0.5532 0.6157 0.5592 0.5345 0.5487 0.4900 0.4350 0.6773 
D Curl Index - 30 Hz. 4mm 
I  I  - - - - - - -  
10,000.5 1 10 100 1000 10000 
0.0442 0.1031 0.0000 0.0000 0.0892 0.0208 
0.0123 0.0184 0.0117 0.0002 0.0173 0.0188 
0.1069 0.0326 0.0390 0.0052 0.0644 0.0023 -__--- -__ _ _ .--- .--____ 
0.0000 0.0107 0.0305 0.0145 0.0000 0.0000 
0.0270 0.0006 0.0054 0.0034 0.0012 0.0070 
0.0935 0.0038 0.0119 0.0264 0.0458 0.1377 -~- - ----__--.-- _____- 
0.1939 
_--- 
0.0014 0.2775 0.0290 0.0539 0.0618 
0.0528 0.0305 0.0087 0.0255 0.0447 0.0269 
0.1009 0.0397 0.0285 0.0316-----0.1380. 0.0018 
0.5158 0.0060 0.1399 0.0208 0.1627 0.2037 
0.1251 0.0064 0.0637 0.0326 0.0321 Od1370 
0.3042 0.0874 0.1355 0.0554 0.0466 0.0585 ~- __.-- .- - -_----- .-~ _--.-__-._ __. _ 
0.3812 0.2395 0.0588 0.0829 0.1086- 0.0496 
0.0080 0.0041 0.0245 0.0146 0.0091 0.0008 
--iliE- 0.0255 0.1563 0.2399 0.0520 0.0218 -_- _---. - ---~---- --._ -- - -.-2___ -------.. 
0.6164 0.0968 0.0565 0.0142 0.0550 0.0609 
average 0.0442 0.0655 0.0373 0.0575 0.0506 
1 
Curl Index Earlywood - 30 Hz, 3mm 
D Curl Index 
, - 
. Earlywood 30 3mm Hz, 
0 1 1.5 10 10.5 100 100.5 1000 1000.5 10000 1m.5 --_. 1 10 100 1000 10000 
0.2766 0.5749 0.4061 0.2654 0.3140 0.5261 0.5603 0.4309 0.3702 0.3125 0.3128 _ _ ---____ __ - 0.1688 0.0486 0.0342 0.0607 0.0002 






0.0719 0.1201 0.0867 0.1628 0.1332 0.1085 0.0634 0.0979 0.0848 0.0917 0.1491 - 0.0335 0.0296 0.045 1 0.0132 0.0574 0.1113 0.1045 0.1869 0.2106 0.2118 0.2938 0.1895 -- ._._- 0.1347 ~_____ 0.3536 0.3442 ----- . ..- --_ 
0.2725 - ----. -. 0.0824 0.0012 0.1042 0.2189 0.0718 
0.0 106 0.0122 0.0114 0.0071 0.0040 0.0076 0.0000 0.0105 0.0038 0.0028 0.0094 -_--- 0.0067 0.0066 0.2511 0.1967 0.2225 0.2082 0.1501 0.1268 0.0980 -- ._- 0.1309 0.1423 0.1901 -~ _ -- - 
0.1720 - -- 0.0258 0.058 1 0.0288 0.0113 0.0181 
0.1262 0.1421 0.1301 0.1353 0.1593 0.1682 0.1786 0.1850 0.2258 0.1334 0.1091 ii0318 0.0120 0.0241 0.0103 0.0687 0.1403 0.0652 0.0518 0.0416 0.0532 0.053 1 0.0614 ___ - -_._____-__ 0.0462 
0.0321 -____- -0.0717 0.0134 0.0116 
~ 0.0408 0.0243 
0.0083 0.0141 
0.7216 0.8766 1.0203 1.0768 1.1015 0.9902 0.93 15 1.0531 1.0852 0.7944 1.1639 6.2365 0.1437 0.0246 0.0321 0.3694 0.3402 0.1700 0.1378 0.1610 0.1292 0.1345 --.- ---- 0.0587 0.1038 0.0641 0.08 12 
0.0614 _ -- __-.- 0.1702 0.0232 0.0052 0.0397 0.0198 
0.1058 0.090 1 0.1138 0.0673 0.1097 0.0763 0.1025 0.0823 0.0782 0.0850 0.0875 0.0237 0.0424 0.0262 0.0040 0.0025 
0.2539 0.2122 
-__-__ 
0.2906 0.1995 0.1896 0.1070 0.0699 
--.~__ _ - 
0.048 1 0.0290 0.0144 0.0305 
0.0148 
---_- - 
0.0254 0.0233 0.0195 0.0299 
0.0784 0.0099 0.037 1 0.0191 0.0160 
0.0138 . 0.0145 0.0209 0.0176 0.03 19 0.0242 0.0003 0.0021 0.0104 0.0033 0.0077 
0.0298 0.0501 0.0411 
-___. -.-_ 
0.0554 0.0373 0.04 11 0.0563 
---- ~__ 
0.04 85 0.0619 0.059 1 0.0479 __---. -_. .- 0.0090 0.0181 0.0152 0.0133 0.0112 
0.1050 0.1195 0.1639 0.0918 0.2195 0.1382 0.1453 0.1284 0.3034 0.1846 0.1582 0.0445 0.1276 0.0072 0.1750 0.0263 -.__---.--_ 
0.1015 0.042 1 0.0756 0.1061 0.0624 0.0968 0.3161 0.1316 0.0294 0.2994 0.3869 -_.-- -__ 0.0335 0.0437 0.2193 0.1022 0.0876 
0.0748 0.1081 0.0673 0.0510 0.0539 0.0683 0.0629 0.0655 0.0522 0.0683 0.0633 0.0408 0.0028 0.0054 .--~ 0.0133 0.0050 ~---_- 
0.0000 0.0000 
~ - 
0.0085 0.0127 0.0045 0.0044 0.0107 0.0052 0.0038 0.0016 0.0033 __ ._____ -_- 0.0085 0.0082 0.0063 0.0014 0.0018 





0.0072 0.0000 0.0043 0.0000 0.0097 0.0055 o.oooo o.oooo 0.005 1 -.~- --. ---- - 0.0072 0.0043 0.0097 0.0055 0.0051 
0.325 1 0.3591 0.2882 0.3556 0.4165 0.4082 0.3760 0.3782 0.3999 .-d-- 0.3970 0.3976 0.0710 0.0609 0.0322 -_____ -- ---_--- 0.02 18 0.0006 --I___ _____ 
0.3412 0.4338 
_-- 
0.4894 0.3990 0.4572 0.4118 0.3990 0.3920 0.4666 0.4547 0.3949 - _-._-_____-- _~~______ 0.0556 0.0582 0.0128 0.0747 0.0598 
0.6113 0.8792 0.6875 0.7733 0.8161 0.6549 0.7636 0.7923 0.7720 0.593 1 0.5763 0.1918 0.0428 0.1087 0.0203 0.0168 ~- ____.-- 
avtwgt: 0.0602 0.03 42 0.037 1 0.0382 0.0366 
P8 CO’0 LOPO’O L9bO’O 6IPO’O 68PO’O :a%JaAs -..----- _ .._ --- 
S9LO’O SS91'0 ZPLE’O 8S91.0 f8ZI'O 1 LSC’O 901 c-0 6SSf’O trO61’0 86LZ’O IPS9’0 - 8LIP'O IZSZ'O b9S9.0 18ZS'O -iioe.o 
OPLO’O CIIO'O ZPOO'O 0110'0 
__. -.. .---- 
1000‘0 0801'0 OZSI'O LEOI’O PZ60’0 8Z90’0 OL90-0 OfLO. OP80’0 POSO’O foso’o IzfO'O -_____. _-_ _I__~ .--_______ 
fLOO’0 ZPIO’O f Zoo’0 90ZO’O IfOO'O b690'0 L9LO.O f6SO.O SCLO’O LO90’0 Of90’0 f080’0 L6SO-0 6S80’0 0680’0 f8LO.O- -  
1800'0 0910-o POOO'O 8bIO'O 9000'0 OEZO’O OSIO’O SZSO’O S9fO’O 99EO’O OLEO’O .- - Eci--~” - 06ZO’O PCEO’O 6f CO’0 8810'0 -_.--.---_ -_.- _ .----_-- .--_~__ _ 
6800’0 LZOO’O 8ZI0'0 8600’0 9zoo.o zOZI’O fIII’0 PSZI'O IICI’O 9SOI'O f811’0 90Zl’O 8811'0 ZSOI'O -_ LZOI'O 0960’0 -- 
2600’0 f 000’0 f ZPO’O SLEO’O 81fO’O SISC’O 
~- 
f ZPC’O 6fLf’O IPLC’O PZZb’O [08f.0 - - - -  ----~g8f’0 16PE'O 89bZ'O 98LZ’O tlzf’o --.-____-_- .__- 
9f61’0 s191.0 ZLI 1’0 S610’0 9LM)‘O ZL9P’I 9fLZ’I 91ZP’I 009Z’ I 60LZ’I 188E’I 6fLZ’I PPSZ’I LPSE’I EZOP’I 6OPf’I - 
osoo’o 
D..- 
f910’0 9800’0 PIIO'O I LOO’0 6Zf0’0 6 LZO’O 91bO’O 
-- -.-_ _ ~.-.- 
6LSO’0 ZPSO’O LZ90’0 L6SO’O Ib90'0 LO80’0 8L80’0 PLLI’O 
- 6Poo’O CD‘EO’O 8fOO’O 6110’0 0010'0 2810'0 cc 10'0 66PO’O 9SlO’O - 6810’0 OS 10’0 
-- .- 
8f ItJO 9810'0 91ZO'O 9110'0 SPIO'O 
S8ZO’O 8POO’O oozo’o 1510’0 ZPOO’O 19fO'O 9b90'0 SffO’O ES EO’O 9090’0 9Obo’O 6290’0 8LPO’O OSbO’O Z6PO’O S190'0 
91t70'0 8950'0 LSOO’O 61 CO’0 1090'0 SLLI’O 1612'0 80fZ’O OPLI’O 269 I ‘0 6LLI’0 Lb91’0 8121'0 ZP60’0 PPSI’O SCPI’O 
6120’0 2810’0 08fO’O 5620’0 bLO0’0 SISO-0 PELO’O 08fO’O f9SO’O OIPO’O 16LO'0 L8IO’O Z8WO L9LO’O f690’0 L880’0 
ICZO’O OPPO’O 9SZO’O 6220’0 10s0*0 IS60'0 1811'0 ZZPI'O 2860’0 L610’0 fSM)‘O 
_.---- 
6LPo’0 6f90’0 IOf0’0 zoao’o 96SO’0 
6010-O f910'0 f010'0 SZCO'O 0801’0 9oso’0 L6fO.O 
- - - - -  -  -_-  
18PO’O fb90’0 OL80’0 ZL60’0 9051'0 1811'0 L91Z’O LSOI’O 9080’0 
6660’0 ooz0’0 L600’0 SPIO’O osoo’o 6101’0 OEOO’O 8PZO’O 8WO’O ZIPO'O 
.-- _.- ~ 
SICO'O ZOEO'O LOZO’O 0810’0 0f10'0 1910'0 
9800'0 8010-O P860’0 
-_. -_~- --- 
8 L90’0 f LOO’0 Zt60’0 9S80’0 OL80’0 Z9LO’O POZI'O 881Z’O 8PZI’O LZ91’0 6061'0 1861'0 ZPC 1'0 
6L60’0 8LIO’O L610'0 80ZI'O 6112'0 ft8S.O ZZ89’0 6ZWO 
____- ..- -.-~-. 
ISZ9'0 SZO9'0 ZZZ9'0 W6P’O 9SLf’O S9Sb’O 9bbZ’O 5962’0 
0610’0 SZOO’O -  VLIO-0 0810'0 60ZO’O OLZO’O 0800’0 szbo-0 OOPO’O -- 89fO’0 P610’0 - Of LO’0 19LO’O LZVYO Sf90’0 L8fO.O 
OIPO’O 6110'0 f 101'0 LISO’O 6f 10'0 
SZ90'0 LPZZ’O LI80’0 625 I ‘0 ZP8f ‘0 
8ZSO’O zf*O’O OEM)‘0 SOPO’O SC CO’0 9102’0 68PI’O P861’0 9IPZ’O 
---- 
f9f 1'0 
_._- __-  -  
f181'0 6601'0 POII'O SPI 1’0 ISZI’O 9bLO’O 
PCOO’O 9ZZO’0 
------------- -- ---------- --____-_ _ _ ______ 
LIEO-0 ZEZO-0 EZIO’O 6PPo’O 
_---- 
f8PWO 9660’0 OLEO’O I f60’0 bl90’0 1080’0 6190’0 8PI I’0 SZOI'O 08 LO-O 
9oZO’O b9SO’0 OSZO’O 6L90’0 p910’0 CSPI’O LPZI’O 0161’0 PLPZ’O 
______ __--  -  _-.___ 
s LSZ’O SZE Z’O 8OPZ’O LSOE’O IISZ'O LPEZ’O Z99Z’0 
I COO’0 8fOO’0 8120’0 IZIO'O 
---.-.- -  . -~-- -_-- -  - -  ______ ____ _ ____ 
f LOO’0 Z9W’O -- - ICPO’O 
--_ _----... ~~~_ 
ISEO’O CIEO’O 8 L90’0 09bo’O 06fO’O IIPO'O SI CO’0 L8 EO’O Z190'0 
00001 ,OOOI 001 01 1 S'OOOOI 00001 s'0001 OOOI SO01 001 so1 01 S'I 1  0 
WI-& %H OC -  POOMaJtr~ XaQUI lJIl3 a UIUI~ %EH ()c -pooMa)q xaplq pn3 
l 
Earlywood and latewood curl index - 10 Hz, shaker 
ICurllndex-10HzSliaker I 
IEarlwvood I I I I ! ! I I I I I I l l I 
0 1 1.5 2 2.5 5' 5.5 IO] IO 0 100 100.5 1000 1000.5 10000 10000.5 
0.0117 0.0591 0.0095 0.0747 0.0070 0.0612 0.0198 0.0185 0.0604 0.2223 0.1495 0.1743 0.2097 0.1539 0.1763 
0.0116 0.0183 0.0856 0.0752 0.0254 0.0523 0.0111 0.0128 0.06521 0.0045 0.0492 0.0353 0.0000 0.0198 0.0741 
0.0239 0.0470 0.1021 0.0508 0.1277 0.0277 0.08261 0.2198 0.09251 0.0791 0.0026 0.0033 0.0667 0.0963 0.0024 
0.0384 0.1256 0.0790 0.1351 0.0773 0.1384 0.0561 j 0.1201 0.07331 0.0400 0.0567 0.0633 0.0185 0.0098 0.0201 
0.0189 0.0579 0.0262 0.0287 0.0750 0.0690 0.0285 0.01871 0.0657 0.0103 0.0103 0.0538 0.0682 0.0142 0.0111 0.0273 
0.0075 0.00001 0.0371 0.0716 0.0053 0.0717 0.0022 0.04661 0.0040 0.0151 0.0566 0.0129 0.0209 0.0464 0.0339 0.0096 
0.0042 0.00391 0.0340 0.0523 0.0038 0.0573 0.0032 0.05641 0.0034 0.0449; 0.0462 0.1425 0.0819 0.0315 0.0000 0.0358 
0.0032 0.1171 0.0274 0.0156 0.0682 0.1476 0.0303 0.02841 0.0997 0.02281 0.0641 0.0156 0.0463 0.0185 0.0183 0.0311 
0.0000 0.0542 0.0233 0.0078 0.0492 0.0912 0.0194 0.0085) 0.0814 0.01271 0.0036 0.0482 0.0431 0.0150 0.0068 0.0417 
0.0092 0.0156 0.0542 0.0540 0.0012 0.0017 0.0448 0.00291 0.0507 0.04691 0.0934 0.0408 0.0402 0.0715 0.0655 0.0450 
0.0087 0.0425[ 0.0824 0.0265 0.0789 0.0242 0.0770 0.01851 0.0601 0.01871 O.Ot35 0.0663 0.0341 0.0056 0.05561 0.0153 
0.0171 0.0460 0.0133 0.0646 0.0105 0.0116 0.0545 0.0191) 0.07021 0.0628! 0.1351 0.1809 0.2919 0.1167 0.2096 0.0631 
0.0602 0.0412 0.0060 0.0078 0.0503 0.0066 0.0502 0.0477j 0.00661 0.051Oj 0.1763 0.2640 0.2930 0.2010 0.1908 0.3049 
0.0244 0.0431 0.0108 0.0026 0.0448 0.01001 0.0000 0.05401 0.01281 I 
1 I  I  ,  
0.0288 0.0925 0.0283 0.0650 0.1349 0.0268 0.1076 0.1311 0.03711 I 
I I ! 
I , / 
I 
Latewood 1 1 j I 
1 I 
0 1 1.5 2 2.5 5 5.5 101 10 0 100 100.5 1000 1000.5 10000 10000.5 
. 0.20503, 0.0942, 0.0602, 0.0728, 0.1046, 0.0909, 0.1109! 0.12651 0.0986, 0.2834, 0.0283, 0.0506, 0.0158, 0.0437, 0.0536, 0.0252. 
1 1 I  I  
0.01948 0.0104 0.0054 0.0147 0.0000 0.0023 0.01321 0.0080 0.02801 0.0309 0.0200 0.0000 0.0274 0.0073 0.0333 0.0000 
0.03364 0.0368 0.0238 0.0360 0.0281 0.0416 0.00921 0.0243 0.0175; 0.0595 0.0245 0.0667 0.1063 0.0547 0.0602 0.1055 
0.07567 0.0268 0.0327 0.0327 0.0539 0.1057 0.08731 0.0818 0.09161 0.0061 0.1416 0.0669 0.0470 0.0189 0.0182 0.0540 
1 0.058821 0.05961 0.08211 0.05621 0.08461 0.10831 0.1748; 0.09711 0.10401 0.28771 0.02481 0.0849t 0.06871 O.@MlI 0.14951 0.02771 
I  
0.03662 0.0052j 0.0230 0.0474 0.0337 0.0678 0.02201 0.04851 0.10731 0.0324 0.0141 0.0345 0.0048 '0.0353 0.0448 0.0106' 
0.2264 0.46141 0.4102 0.4720 0.6250 0.6118 0.50801 0.61681 0.61181 0.0000 0.0039 0.0287 0.0337 0.0000 0.0322 0.0109 
I t 0.03891 0.11681 0.07851 0.11171 0.11191 0.15241 0.05401 0.0391; 0.0647i 0.06531 0.03131 0.14231 0.17721 0.13121 0.17621 I / I 
0.0090 0.0394 0.0135 0.0330 0.0551 0.0388j 0.0643 0.0589i 0.0696 0.0000 0.0279 0.0200 0.0006 0.0200 0.0000 
0.1149 0.0768 0.1255 0.1033 0.1162 0.15421 0.1048 0.07851 0.0076 0.0055 0.0402 0.0403 0.0096 0.0307 0.0052 
0.04951 0.0269 0.0262 0.0370 0.0295 0.05OOi 0.0421 0.06971 0.1073 0.0558 0.0238 0.1023 0.0387 0.0791 0.0348 
I , 0.03061 0.0224, 0.0218, 0.0098, 0.0267, 0.0100; 0.0319, 0.02151 0.0338, 0.0265, 0.0536, 0.1437, 0.0690, 0.0939, 0.0662, 
0.05023 O.Olti( 0.0227 0.0113 0.0325 0.0436 0.01551 0.0287 0.02231 0.0284 0.0825 0.0470 0.0485 0.0212 0.0206 0.0483 
0.06922 0.04681 0.0404 0.0220 0.0129 0.0505 0.0285; 0.0232 0.0367' 0.1549 0.2127 0.2802 0.3464 0.2788 0.4563 0.5076 
0.02233 0.0096 0.0000 0.0105 0.0052 0.0072 0.0175; 0.0160 0.0068 0.6753 0.9384 0.8181 0.7440 0.7011 0.8123 0.7504 
0.0138 0.0568 0.0879 0.1138 0.1738 0.1671 0.1571[ 0.17951 0.1435 
0.0266 0.03871 0.0000 0.01181 0.0235 0.0228 0.01601 0.05421 0.07651 
Earlywood and latewood change in curl index - 10 Hz, shaker 
A Curl Index - IO Hz, Shaker 1 I I 
I 
I 
Earlywood 1 1 I I I I 
II 2 5 10 100 1000 10000 
0.0496 0.0677 0.0415 0.0419 0.0728 0.0354 0.0224 
0.0674 0.0498 
I  
0.0412 0.0524 0.0447 0.0353 0.0544 
i 0.0552 0.0769i 0.0548 0.1273 0.0766 0.0634; 0.0939 
/ 0.0466 0.05771 0.0823 0.0467 0.0433 0.04481 0.0103 
i 0.0317 0.04631 0.0405 0.0471 
I  I  
0.0435 0.05411 0.0162 
I  
1 0.03711 0.0663i 0.0695 0.0426 0.0437 0.02551 0.0243 
0.0301 0.0485 0.0541 0.0529 0.0963 0.05041 0.0358 
0.0897 0.0525 0.1173 0.0713 0.0484 0.02781 0.0129 
I  
0.0309 0.0414 0.0718 0.0729 0.0446 0.0281j 0.0349 
0.0386 0.05291 0.0430 0.0477 0.0526 0.0313\ 0.0206 
0.0399 0.05241 0.0528 0.0417 0.0528 0.02851 0.0403 
0.0328 0.05401 0.0429 0.0510 0.0459 0.1465 
I  I  
0.17521 
0.0353 0.04251 0.0436 0.04121 0.0877 0.0920 0.1141 
1 0.03241 0.04221 0.04001 0.0411~ / j 
/ 0.0642 0.0699 0.0809 0.094Oj I 
average 0.04542 0.05473 0.05842 0.058121 0.05792 0.053221 0.0482 
;tdev 0.01716 0.0109 0.02211 0.02433 0.0187 0.04119j 0.04304 
Latewood 
I 
1 2 5 10 100 1000 10000 I 
I 0.0490 0.0468 0.0310 0.04981 0.0223 0.0279 0.0284 
I  I  
/ 0.0201 0.0297 0.0220 0.0419/ 0.0200 0.0201 0.0333 1 
j 0.0279 0.0228 0.0434 0.0288 0.0421 0.0516 0.0453 ; 
j 0.0209 0.0362 0.0294 0.0318 0.0746 0.0281 0.0358 1 
; 0.0375 0.0434 0.0776 0.0289 0.0601 0.0247 0.1218 1 
i 0.0328 0.0287 0.0568 0.0808 0.0204 0.0305 I 0.0342 
/ 0.0662 0.1681 0.1148 0.0270, 0.0248 0.0337 0.0213 1 
I 0.0929 0.0482 0.0515 0.0368) 0.0340 0.0349 0.0450 1 
I  
0.0454 0.0345 0.0273 0.0274 0.0279 0.0200 0.0200 I 
0.0531 0.0372 0.0490 0.0483 0.0347 0.0307 0.0255 i 
0.0376 0.0258 0.0315 0.0496 0.0320 0.0636 0.0442 1 . , 
0.0232 0.0270 0.0276 0.0324 0.0272 0.0748 0.0277 , 
0.0223 0.0362 0.0391 0.0283 0.0356 0.0273 0.0277 
0.0215 0.0241 0.0329 0.0355 0.0675 0.0676 0.0513 1 
0.0246 0.0204 0.0213 0.0312 0.1203 0.0429 0.0618 c 
i 0.03101 0.06011 O.OlOli 0.03601 I I 
/ 0.03871 0.0116 0.0068; 0.0223 I 
average 1 0.0379/ 0.0412 0.03951 0.0375 0.04291 0.03856 0.04152 i - I I I 
stdev 1 0.019231 0.034751 0.0261 0.01391 0.027351 0.01766/ 0.02509 
202 
c 
Earlywood and latewood curl index - 30 Hz, shaker 
Curl Index - 30 Hlz, Smm, Shaker j I I 
Earlywood 
0 1 1.5 2 2.5 5 5.5 10 10 0 100 0.07309 0.02503 100.5 1000 0.032 1 0.01602 0.03679 
0.02059 
1000.51 10000 10000.5 
0.04157 0.03600 0.05720 0.03583 0.05847 0.03561 0.02676 0.07472 0.03860 0.03478 0.06046 0.04196 
0.04105 0.08267 
0.016321 0.03181 0.03182 










0.17187 0.11997 0.09998 0.09607 0.09356 0.52654 0.08141 0.10857 
0.09102, 0.09252 0.09167 0.09811 
0.560321 0.24613 0.20417 
0.10667 0.04572 0.12082 0.10381 0.029711 0.03029 0.12332 0.01907 0.03280 . 45281 . 2074 0.12508 0.13776 0.13776 3612
0.02120 0.03868 0.11967 0.10217 0.00712; 0.03472 0.12678 0.06623 0.01069 0.05013 0.03316 0.15848 ci.16589 0.12812 0.06776 4657
0.03381 0.02445 0.05214( 0.03396 0.01897 0.03872 0.017671 0.03441 0.01042 0.039071 0.03897 0.06580 0.05951 0.07115 0.01959 55 3
0.00517( 0.04461 0.02506 0.05447 0.02422 0.05004 0.01361 0.02627 0.01192j 0.02379 0.11451 0.07526 0.00757 0.04369 
0.05961 0.01504 0.028923 0.02058 0.01911 0.00184 0.04050 0.01006 0.01278 0.009651 0.02660 0.04303 0.03744 0.01119 
0.01366 0.04510 0.01888 0.00441 0.00792 0.07058( 0.08135 0.04171 0.06947 0.07220 0.10094j 0.05580 0.07223 0.01696 0.01044 0.08251 
0.04433 0.09484 0.37063 0.30189 0.27925 0.06893 0.30796 0.25366 0.42336 0.43889 0.42639 0.26212 0.17331 
0.41038 0.24469 
0.19132 
0.38347 0.34957 0.02834 0.01915 0.00000 0.04955 0.03204 0.06073 0.01637 0.05118 
0.01744 
0.045691 0.06093 0.56338 0.51475 
0.07698 0.01632 0.03216 0.00962 0.33107 0.26044 0.01012 0.02012 0.28160 0.02930 0.02157 0.04156 0.29579 0.45321 
0.01617 
0.29825 
0.01524 0.02312 0.01070 0.01254 0.00692 0.02613 0.01055 0.00085 0.01651 0.00840 0.00000 0.01490 0.01185 0.00850 
0.00000 
0.00850 
0.00622 0.01636 0.00000 
0.05125 0.13580 0.000001 0.00880 0.03123 0.05627 0.01942 0.01582 0.02854 
0.01755 0.01928 0.03963 0.06535 0.03396 0.01567 0.00385 0.06388 0.04707 0.00450 0.03930 0.00727 0.04543 0.02713 
0.01553 
1 
0.01580 0.03831 0.00866 I 
0.01528 0.04590 0.05448 0.02091 0.03751 0.01471, 
I 






0 1 1.5; 2 2.5 5 5.5 10 0.411790.55598 0.56229 10 0 100 100.5 0.66353 0.40283 1000 1000.5 10000 i 
0.53343 0.51057 
0.55002- 10000.5 
0.50839 0.15329 0.31634 0.26264 0.20053 0.19756 I 0.01634 0.09501 0.05806 0.07258 0.07203 
0.06601 0.10082 0.09017 
I 
0.07876 0.00000 0.02464 0.08086 
0.30139 0.01834 
0.05964 0.04766 
0.00000 0.00100 0.00545 0.00000 0.00000 0.00000 0.00000 0.031901 0.05921 0.04080 
0.42786 0.02388 0.05347 0.05715 0.08043 
0.04506 0.05646 
0.08047 0.04334 0.06536 0.05550 0.16262; 0.041211 0.01791 7 60414 54621 58349 50988 0.32890, 0.38166 
0.65102 0.61074 0.63081 0.68422 0.02703 0.39764 0.43758 
0.03296 0.00000 
0.55191 
0.00000 0.00100 0.01198 
0.49075 
0.00000 0.00000 0.00000 0.00000 0.06350 0.05216 0.08290 
0.64531 0.58522 0.55013 0.41533 0.43119 
0.04457 0.09764 
0.58134 0.60253 0.68253 0.715071 0.04069 0.04832 0.03178 06365 6271 0.03042 0.01644 71556 1 08187 1 02 72 0.00385 
0.86322 0.81594 0.97578, 0.92790 
0.02959 
0.012951 0.00044 0.00044 
0.15684 0.026371 
0.00614 0.00872 0.01109 0.02787 0.01760 0.00239 
0.02214 
0.01448 
0.01118 0.018771 0.00906 0.11275 0.00665 0.01109 
0.02529 0.00291 
0.00000 0.01424 0.00254 0.01958 
0.00000 0.00100 0.01242 0.00472 0.00550 0.008271 0.00648 0.01046 0.01434 0.01434 87 2019 0.01810 2397 4663 2868 . 2906 3265 0.00929 0.03332 0.01678 
0.028541 0.027731 0.01563 0.00200 0.01078 
0.02820 0.01955 
0.01217 0.00117 0.00000 0.02123 
0.01736 0.03963 0.04772 0.08996 0.049131 0.00987! 0.02191 0.00322 0.03879 0.05749 
5 74 3304 30 4109 258 30591 0.04407 0.05991 
0.02279; 0.021981 
0.05623) 0.08299 
0.04282 0.03111 0.02432 0.02553 0.01556 0.033591 0.02498 0.03265 
203 
Earlywood and latewood change in curl index - 30 hz, shaker 
l 
h Curl Index - 30 Hz, Shaker 
Earlywood 1 1 I 
-1 .  2 5 IO 1001 1000 10000 
0.00708 0.02077 0.02098 0.02120 0.01626 0.02228 0.00000 
0.00802 0.01850 0.04162 0.07935 0.03856 0.03985 0.01524 
1 0.00578 0.02964 0.02177 0.02375 0.09739 0.05178 0.00899 
0.00485 0.08566 0.00?62 0.05189. 0.03378 0.04197 
0.01216j 0.01755 0.00085 0.00856 0.01701 0.00177 0.00000 
/ 0.011221 0.01247 0.01538 0.01748 0.01750! 0.03170 0.03777 
1 0.03151j 0.03944 0.03460 0.01276 0.00548 0.00010 0.00629 
0.00477 0.01673 0.06072, 0.03624 0.02941 0.01187 0.03925 
0.02038 0.03643 0.018701 0.01592 0.00407! 0.01696 0.00559 
0.01874 0.03044 0.001591 0.03144 0.00350/ 0.02776 0.00652 
/ 0.00914 0.04514 0.01028/ 0.05051 0.022641 0.00845 0.01802 
j 0.11540 0.01250 0.165701 0.03390 0.019151 0.01524 0.04863 
/ 0.028691 0.03481 0.059531 0.01585 0.07064 0.01419 0.05496 
0.00918 0.01998 0.000931 0.01242 0.01920 0.00466 0.00000 
0.00755 0.01490 0.006221 0.01636 
0.01001' 0.01330 0.00835 0.01697 I I 
0.13580 0.02242 0.036851 0.01272 j j 
0.02035 0.03139 0.011821 0.01682 ; j 
! 0.03203 0.01829 0.00027 0.02964 
; 0.008571 0.01660 0.015341 0.01628 
average 0.025061 0.02685 0.026661 0.02600 0.02775 0.02003 0.02023 
st dev 0.03560/ 0.01690 0.037601 0.01751 0.02735 0.01525/ 0.01988 
, 
Latewood I 
1 2 51 10 1001 1000 10000 
1 0.00897 0.00631 0.022861 0.04164 0.0557Oi 0.01097 
/ 0.03695 0.00055 0.034811 0.01141 0.056221 0.01198 
1 0.01834 0.00445 0.000001 0.00000 0.018411 0.01140 
1 0.029591 0.02328 0.037131 0.00986 0.02330 0.06876 
j 0.057941 0.07361 0.040281 0.05341 0.03994 0.025Oli 
O.OOOOOi 0.01098 O.OOOOO/ 0.00000 0.028741 0.053071 
0.03509 0.01585 0.02119 0.03253 0.01654' 0.013981 0.02574 
0.088441 0.06014i 0.04728 0.047881 0.00000 0.01147/ 0.01208 
0.01765 0.01677 0.01096 0.00970 0.00443 0.014241 0.01704 
0.00291 0.01142 0.00079 0.00179 0.00000 0.00881 0.01654 
0.00378 0.017941 0.00052 0.00492: 0.00878 0.01100 0.02123 
1 0.00219 0.008091 0.04082 0.01204 0.01870 0.01216 0.02309 
' 0.00268 0.015271 0.00780 0.02083 0.00122 0.01803 0.00767 
0.03086 0.06139i 0.03741 0.03615 0.01686 0.01413 0.01928 
0.02223 0.03719j 0.02044 0.05217 0.01448 0.01932 0.00962 I 1 0.00969 0.01461 0.01392 
I O.OA405 0.01941 0.02144 
average 0.02384 0.024221 0.02149 0.02229 0.01924 0.01990 0.01706 
stdev 0.02440 0.02299: 0.01724 0.01971 0.01729 0.01619 0.00576 
\ 
204 
Earlywood and latewood curl index - 50 Hz, shaker 
burl Index-50 Hz, 5mm,Shaker 1 1 1 1 ) 1 ( ( j 1-1 I 
Earlywood I * i I 
0 1 1.5 2: 2.5 5 5.5 10 10 0 100 100.5 1000.5 10000 
0.0000 0.0094 
lOOO/ 10000.5 
0.0657 0.11211 0.1345 0.0533 0.0706 0.0438 0.0618 0.1996 0.0386 0.0474 0.02071 0.0524 0.0533 0.0752 
0.0378 0.0015 0.0081, 0.01071 0.0117 0.0086 0.0086 0.0056 0.0071 0.0281 0.0530 0.0631 0.0740! 0.0595 0.0778 0.0774 
0.0046 0.0000 0.0443 0.0447! 0.0890 0.0378 0.0299 0.0514 0.0541 0.0453 0.2183 0.2515 0.26111 0.2355 0.3227 0.3024 
0.1078 0.1568 0.1852 0.17391 0.2215 0.1922 0.2039 0.2355 0.2250 0.1524 0.1415 0.1388 0.5715 0.5764 
0.00231 0.0315 0.0133 0.02081 0.0501 0.0150 0.0599 0.0539 0.0560 0.0915 0.3521 0.3801 0.3372 0.3092 0.4234 0.3859 
. 0.03551 0.0237 0.0124 0.018Oi 0.0341 0.0209 0.0157 0.0350 0.0262 0.0503 0.1527 0.1815 0.1819 0.1593 0.1365 
0.1185~ 
0.1543 
0.0397 0.0652 0.0725) 0.0882 0.1196 0.1001 0.0702 0.0596 0.0000 0.0104 0.0096 0.0198) 0.0121 0.0252 0.0244 
0.0162 0.0481 0.0107 0.00701 0.0239 0.0185 0.0224 0.0403 0.0364 0.0171 0.0106 0.0187 0.02691 0.0288 0.0309 0.0110 
0.2119 0.0569 0.0498 0.0612 0.0502 0.0555 0.0324 0.0732 0.0284 0.0043 0.0074 0.0015 0.00001 0.0000 
0.18271 0.1595' 
0.0244 0.0039 
0.0972 0.0764 0.0937 0.1157 0.1157 0.2229 0.1768 0.3445 0.4356 0.4614 0.54861 0.5214 0.2321 0.2321 
0.0031 0.0196 0.0240 0.0293 0.0315 0.0379 0.0653 0.0130 0.0354 0.0265 0.0517 0.0682 0.06OOj 0.0338 0.0236 0.0527 
0.0257 0.1760 0.2584 0.2169 0.2475 0.2665 0.2930 0.4053 0.4338 0.0156 0.0164 0.0421 0.0356 0.0241 0.0823 0.0989 
0.0116 0.0668 0.0194 0.0926 0.0959 0.05571 0.1053 0.1521, 0.1011 
O-01651 --. 0.0925 0.0373 0.03951 0.0371 0.0596l 0.0695 0.05721 0.0527 I 
Latewood 1 8
01 I 1.5 2/ 2.5 5 5.5 10 10 0 100 100.5 1000 1000.5 10000 
0.01041 0.0401 
10000.5 
0.0407 0.00931 0.0197 0.0682 0.0899 0.0703 0.1306 0.0120 0.0037 0.0134 0.0061 0.0412 0.0566 0.0475 
0.00621 0.0249 0.0386 0.0467( 0.0279 0.0511 0.0445 0.0400 0.0323 0.0711 0.0230 0.0235 0.0359 0.0360 0.0175 0.0256 
0.66761 0.5529 0.5820 0.62141 0.6379 0.6265 0.6529 0.6423 0.6791 0.0131 0.0591 0.0754 0.0256 0.0353 0.0511 0.0483 
0.42451 0.9412 0.9591 0.99021 0.9610) 0.6880 0.7495 0.8414 0.8340 0.0207 0.0481 0.0526 0.0273 0.0249 0.0282 
0.01441 0.0279 0.0066 0.03441 0.0206 0.0185 0.0230 0.0121 0.0486 0.0771 0.0452 0.0405 0.0242 0.0456 0.0329 
0.0099 0.0129 0.0000 O.OOOO/ 0.0080 0.0000 0.0015 0.0000 0.0020 0.1533 0.1690 0.07501 0.0708 0.2113 0.2321 
0.0100 0.0078 0.0280 0.02581 0.0123 0.0133 0.0161 0.0269 0.0181 0.0206 0.0227 0.08781 0.0799 0.0473 0.0624 
0.0417 0.0068 0.0057 0.0235: 0.0074 0.0039 0.0085 0.0088 0.0028 0.1022 0.0511 0.0666 O.llnl 0.1008 0.0659 
0.03821 0.0475 
0.0821 
0.0270 0.0161i 0.0270 0.0333 0.0298 0.0246 0.0287 0.0819 0.1353 0.0957 0.0750 0.1748 
0.63091 0.5361 
0.08291 0.1968 
0.5639 -0.0994: 0.7155 0.8627 0.8149 0.7190 0.7588 0.0214 0.0330 0.0374 0.05501 0.0827 0.0722 0.0535 
0.1626i 0.0980 0.0791 0.0690 0.0858 0.0974 0.0663 0.1027 0.0923 0.5180 0.0953 0.1126 0.3948i 0.4314 0.6144 0.6333 
0.1048 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 I 
0.0068 0.0129 0.0304 0.0234 0.0317 0.0125 0.0095 0.0582, 0.0531 ) ; 
0.0578 0.2268 0.2593 0.21391 0.2824 0.3647. 0.3096 0.23661 0.2839 
205 
Earlywood and latewood change in curl index - 50 Hz, shaker 
IA Curt Index - 50 Hz, Shaker / 1 
I t - II 21 51 101 1001 10001 10000l 
0.03331 0.02244 0.01724 0.01799 0.00872 0.03173 0.02191 
0.00356 0.00101 0.00000 0.00150 0.01006 0.01450 0.00040 
j 0.04125 0.04428 0.00786 0.002671 0.033201 0.02561 0.02033 
/ 0.02542 0.04763 0.01171 0.01048/ 0.002721 0.00488 0.00000 
I 1 0.01518~ 0.029271 0.044891 0.00214i 0.028001 0.027991 0.037561 
I / 0.008231 0.01612j 0.005171 0.00874) 0.028821 0.02265) 0.017791 
I 1 0.022531 0.015681 0.019471 0.01067/ 0.000771 0.007751 0.00073) 
I j 0.024451 0.016911 0.003941 0.003951 0.008051 0.001931 0.019891 
~~~ j 0.004i2 0.01098 O.b2309 i%.O4479/ 0.00594 0.00000 0.02045 
I 0.01936 0.01731 0.00000 0.046171 0.02581 0.02716 0.00000 
I j 0.001411 0.00217/ 0.027431 0.022431 0.016491 0.026181 0.02911) 
- 1 0.019341 -ij.o30671 0.026561 ij.O28%1[fi.O25631 6.01149j O.iI16631 
I / 0.024411 0.003291 0.049621 0.05101/ I I I 
I ( 0.01218~ 0.002391 0.009971 0.004571 ( / 1 
laveraae IO.O1819/ 0.018581 0.017641 0.018261 0.01618( 0.016821 0.015401 
st dev 0.01161 0.01501 0.01551' 0.01768 0.01150 0.01135/ 0.01248 
I 
‘_ I 
IL-wood I I I I I I I 
I I II 21 51 101 1001 10001 10000~ 
0.00059 0.01037 0.02166 0.06032 0.00967 0.03513 0.00911 
0.01369 0.01880 0.00656 0.00764 0.00042 0.00001 0.00807 
I ~~~ j 0.029081 0.016501 0.026421 0.036861 0.01630( 0.00970( 0.002801 
r j 0.017851 0.029181 0.061521 0.007441 0.027431 0.02531) 0.003371 
I 1 0.02124) 0.013751 0.004521 0.036521 0.031911 0.01633) 0.012681 
I 1 0.01294/ 0.008001 0.00150~ 0.002001 0.015761 0.004151 0.020831 
0.02020 0.01351 0.00280 0.00884 0.00206 0.00785 0.01505 
0.00112 0.01614 0.00456 0.00598 0.01545 0.01696 0.01616 
I i 0.020471 0.01089i 0.003481 0.004081 0.039591 0.007971 0.021951 
r /-0.02788~ 0.02023! o.omg~ 0.039831 o.00~01 0.02773: 0.018 1 661 
I j 0.018941 0.016831 0.031041 0.01041j 0.017301 0.03656; 0.045941 
I I 0.000001 o.oooooi 0.000001 0.00200( / , I 
/ 0.01745 0.00829( 0.003001 0.00513 
1 0.03247 0.06843; 0.055131 0.04726 I 
average 0.01671 0.01792i 0.01929 0.01959 0.01639 0.017061 0.01587 
stdev 0.01032 0.01604j 0.02175 0.01993 0.01246 0.012521 0.01191 ' 
206 
Earlywood and latewood curl index - 100 Hz, shaker 
. 
Curl Index - 100 Hz, 5mm, Shaker 
Earlvwood- 1 
I 
I I I I I I 
I 
I I I I I I 1  
I I I I 
1 I 
ILatewood 1 
I I I I I  I  I  I  I  I  I  
I  I  
I  0 1 1.5 I  2 2.5 I  5 
5.5 IO 10 
01 
100 100.5 1000 1000.5 
0.1653 0.1930 0.1183 0.1415 
10000~ 10000.5 
0.1740 0.1834 0.1911 0.2013 0.05511 0.0125 0.0116 0.0066 0.0154 7280 6 84 6921 7328 0.0346) 0.0467 9226 .8980 
0.7661 0.7997 0.03251 0.0079 0.0000 0.0094 0.0144 0.0333 0.0062 0.0261 0.0114 0.0291 0.0094[ 0.0131 
0.0362 0.0312 
0.02751 
0.0076 0.1258 0.0857 0.1433 0.1309 0.0937 0.0155 0.0066 0.0444 0.0094 0.0022 0.0004 0.0130 0.05051 
0.0020 0.0081 0.0100 0.0119 0.0000 0.0165 0.0088 0.0097 
0.0462 0.0252 0.0214 0.0257 
0.03821 0.0175 
0.0398 0.0372 0.0183 0.0162 
0.0476 0.3989) 0.4110 0.3505] 0.3708 0.4481 0.48151 0.26751 0.24541 0.01161 0.0073 0.0198 0.0038 0.0088 0.0303 0.0077 
I I 1 I  1 0.03991 0.0892 0.0629 0.0208 0.0075 0.0892 0.0616 
t I 0.1217 0.1140 0.1456 0.5676 0.6049 0.6744 0.6620 
207 
Earlvwood and latewood change in curl index - 100 Hz, shaker 
A Curl Index - 100 Hz, 5mm, Shaker 1 I I 
Earlywood / I I I I I 
I II 2i 51 101 1001 10001 10000 
1 0.005331 0.017371 0.030811 0.040111 0.036681 0.022391 0.00926 
0.02600 0.04256 0.00170 0.02581 0.00816 0.03430 0.00311 
0.03158 0.05394 0.02407 0.00748 0.00153 0.01534 0.00121 
0.00876 0.00741 0.00122 0.00909 0.02482 0.03501 0.0325 
1 0.016521 0.010401 0.03696) 0.028721 0.005421 0.01199t 0.00457 
0.01289 0.00422 0.04034 0.02548 0.02482 0.01269 0.0048 
0.00745 0.00840 0.00227 0.00169 0.02224 0.01607 0.00367 
i 0.017671 0.02109/ 0.01811( 0.033171 0.025281 0.027931 0.04944 
0.01812 0.00096 0.00215 0.01585 0.01487 0.01085 0.03063 
0.02487 0.01410r 0.02653 0.00418 0.01175 0.00150 0.00152 
1 0.00297) 0.00602j 0.015291 0.00590( 0.00173( 0.00418/ 0.00501 
( 0.022771 0.028381 0.015131 0.01169( 0.024031 0.029231 0.02699 
/ 0.01485 0.02132 0.04856 
0.02803 0.00105 0.01234 
I I I I 1 0.02133) 0.003601 0.0036 
average 0.01624 0.01790 0.01788 0.01743 0.01770 0.01650 0.01581 




2i 5 IO 100 1000: 10000 
0.02624 0.02319 0.00942 0.01019 0.00088 0.00879 0.01213 
0.02823 0.04068 0.02455 0.033561 0.00789 2.8E-051 0.01317 
0.01847 0.01772 0.023A4 0.0236; 0.05763 0.03721j 0.00613 
0.00135 0.00178 0.01100 0.0019/ 0.01653 0.00097; 0.02073 
0.00234 0.008991 0.01054 0.01574j 0.00112 0.00796' 0.01514 
0.01742 0.00076 0.00899 0.02311 0.00063 0.03091 0.02185 
0.02069 0.0203 0.03342 0.02202 0.01252 0.00496 0.02259 
/ 0.02629 0.01338 0.02755 
j 0.0316 0.03727 0.01234 
; 0.01496 0.02731 0.00407 
average 0.01639 0.01620/ 0.01729 0.01859i 0.01700t 0.01688 0.01557 
stdev 0.01068 0.01394/ 0.00969 0.01031/ 0.017761 0.0148 0.00752 
208 
Earlywood and latewood curl index - 200 Hz, shaker 
Curl Index - 200 Hz, 5mm, Shaker I I I I : I I I I I I 1 Earlywood 1 I I I 
0 11 1.5 2 2.5 5 5.5 10 -IO1 OS 100 100.5 1000 1000.5 10000 10000.5 
0.0638 0.06353 0.0528 0.0603 0.0647 i 0.02431 0.0864 0.0675 0.0760 0.0743 0.0786 0.0996 
0.0868 0.00431 0.0006 0.0125 0.0079 1 0.01191 0.0062 0.0055 0.0064 0.0000 0.0009 0.0000 
0.0586t 0.10381 0.07221 0.05971 0.02211 I I I I 0.02821 0.06371 0.09091 0.06691 0.05001 O.OOOOt 0.00041 
L f  I  I  
0.0864 0.0217 0.0203 0.0209 0.0062 / 0.0426 0.0928 0.0641 0.0172 0.0000 0.0052 0.0000 
0.0083 0.0046 0.0302 0.0151 0.0232 I I 0.0118 0.0339 0.0272 0.0319 0.0235 0.0312 0.0210 
0.06881 o.o13gj 0.01251 0.01501 0.00731 0.01181 0.0197! 0.01961 0.02621 0.00671 0.12621 0.14211 0.09841 0.09951 0.07411 0.12311 
4 I  
0.1980 0.0319 0.0166 0.0528 0.0494 0.1562 0.12541 0.11251 0.1334 0.1038 0.3166 0.2893 0.4854 0.5083 0.4341 0.3969 
0.0350 0.0799 0.0622 0.0890 0.0824 0.0761 0.05591 0.06131 0.0576 0.0301 0.0000 0.0214 0.1125 0.0741 0.0952 0.1254 
0.0865 0.0481 0.0358 0.0656 0.0869 0.06981 0.06181 0.09981 0.1624 0.0080 0.0728 0.0867 0.0779 0.0648 0.0803 0.0767 
0.0165 0.1245 0.1035 0.0468 0.0251 0.06411 0.03401 0.0638 0.0913 0.0013 0.0389 0.0555 0.0211 0.0612 0.0371 0.0542 
0.0105 0.0006 0.0151 0.0076 0.0271 0.0155; 0.0060( 0.0202 0.0342 0.0070 0.0770 0.0618 0.1629 0.1511 0.0467 0.0485 
0.0392 0.1399 0.12371 0.0252 0.0167 0.02301 0.01011 0.0559 0.0561 
0.0000 0.0035 0.0035 0.0013 0.0095 0.0232 0.0046j 0.0159 0.0069 I 
0.1648 0.1052 0.1268 0.1414 0.1688 0.1993 0.1604 0.1873 0.1999 I 
I  
0.0865 0.0890 0.1065 0.0768 0.11931 0.1402 0.1231 
0.0780 0.1232 0.1603 0.1786 0.19321 0.1036 0.1169 0.1654 0.1441 
0.0298 0.0213 0.0141 0.0135 0.03141 0.0058f 0.0000 0.0089 0.0000 I 
/ I I ! I , , , . 
Latewood , , , , . 
0 1 1.5 2 2.5 5 5.51 10 10 0 100 100.5 1000 1000.5 10000 10000.5 
0.0090 0.0988 0.1168 0.0733 0.0423 0.1318 0.1149 0.1183 0.1044 0.0063 0.0041 0.0112 0.0041 0.0115 0.0036 0.0147 
0.0092 0.0243 0.0356 0.0370 0.0339 0.0316 0.0090 0.0083 0.0309 0.0423 0.0228 0.0465 0.0288 0.0430 0.0106 0.0081 
0.0000 0.0161 0.0261 0.0372 0.01791 0.0075 0.0140 0.0109 0.0165 0.1683 0.1529 0.1719 0.42201 0.4426 0.0505 0.0784 
0.3410 0.9154 0.9365 0.8518 0.8318! 0.8656 0.8474 0.8802 0.9018 0.0086 0.0284 0.0246 0.1584 0.1744 0.0810 0.0625 
, 0.0163 0.0501 0.0422 0.1208 0.1483 0.2217 0.2065 
I 0.0841 0.2102 0.1926 0.1823 0.2110 0.1596 0.1802 
, ? 0.0846 0.6551 0.6279 0.39381 0.4074 0.3131 0.3010 
0.0165 0.0709 0.0532 0.02871 0.0316 0.0071 0.0081 
0.00731 0.1836 0.1610 0.0804 0.0955 0.0735 0.0833 
I 0.0117 0.0489 0.0236) 0.0145 0.0322 0.0709 0.0814 
I I f 0.03531 0.05111 O-03761 0.0301, 0.0241, 0.03811 0.0650 
209 
Earlywood and latewood change in curl index - 200 Hz, shaker 
, - 
A Curl index - 200 Hz, 5mm, Shaker 
Earlywood 
1 2 5 10 100 1000 10000 
0.01072i 0.00440 0.02894 0.00174 0.02097 
0.00374 0.00462 0.00072 0.00636 0.00086 
0.03158 0.03758 0.02716 0.01690 0.00037 
0.00149 0.01464 0.01876 0.01721 0.00520 
0.02553 0.00804 0.00661 0.00847 0.01017 
0.00147 0.00773 0.00792 0.00658, 0.01583 0.00110 0.04902 
0.01529 0.00350 0.03082 0.02098 0.02727 0.02285 0.03720 . 
0.01770 0.00667 0.02017 0.00365 0.02138 0.03840 0.03020 
0.01238 0.02132 0.00803 0.06264 0.01388 0.01307 0.00354 
0.02105 0.02168 0.03005 0.02754 0.01651 0.04012 0.01712 
0.01448 0.01957 0.00953 0.01393 0.01518 0.011791 0.00176 
0.01624 0.00848 0.01291 0.00017 
0.00005 0.00825 0.01860 0.00896 
0.02168 0.02739 0.03892 0.01260 
0.01750 0.04245 0.01701 
0.03714 0.01462 0.01333 0.02129 
0.007261 0.01789 0.00583 0.00895 
average 0.01502 0.01581 0.01783 0.01703 0.01748 0.01618 0.01604 
stdev 0.01053 0.01154 0.01105[ 0.01639 0.00871 0.01317 0.01658 
I 1 I 
Latewood / 
1 2 5 IO 100 1000 10000 
0.01792 0.03103/ 0.01697 0.01643 0.00717 0.00739 0.01118 
0.01138 0.00314/ 0.02262 0.02510 0.02378 0.01420 0.00247 
0.01001 0.01933 0.00650 0.00817 0.01903 0.02064 0.02786 
0.02107 0.02003 0.01823 0.01412 0.00380 0.01601 0.01843 
I 0.00796 0.02748 0.01516 
0.01765 0.02871 0.02060 
I I 0.02727 0.01358 0.01213 
j 0.01768j 0.00291 0.00103 
I 
, I 0.022671 0.01510 0.00977 I 
! 0.025301 0.01773 0.01051 
0.01354 0.00602 0.02690 
average 0.01509 0.01838 0.01608 0.01596 0.01690 0.01543 0.01418 
stdev 0.00527 0.01149 0.00683 0.00702 0.00789 0.00818 0.00875 
210 
Initial IR Study - 10 Hz] 1’. 
Lafewood - A Temperatke(C)--‘- ---- 
I I I I -- --_ 
1 -0.001 0.009 0.019 -0.007 0.038 -0.049 -0.033 -0.007 -0.026 .p.OOS 0.064 0.021 -0.029 0.111 2 29 14 83 118 -0. 04 - . 94 0.046 -0.025 -0.040 -0.021 
-0.029 0.015 
-0.003 
-0.046 -0.131 -0.136 -0.009 -0.122 5 0.004 0.029 0.013 -0.069 -0.007 -0.066 -0.103 -0.012 -0.081 0.018 
-0.009 0.029 
-0.031 
0.025 -0.032 -0.042 
__- ---- -~_ ._ -0.052 




-0.007 0.010 0.006 -0.129 0.037 -0.147 50 -0.029 -0.011 -0.003 -0.151 -0.017 -0.072 _ -- 
- 
- 0.  -----.--___ 0.056 0.057 -0.029 ~. -0.054 0.032 0.023 
-- - _.___  0.029 -0.019 0.011 -0.141 -0.006 
100 -0.014 0.019 0.013 -0.068 -0.036 -0.118 
-0.118 -0.057 -0.019 -0.012 -0.046 -0.008 
0.011 0.071 
-0.048 



















-0.062 -0.008 -0.108 ~- . .___- -0.148 0.008 0.061 1000 -0.093 0.027 -0.043 -0.051 -0.175 -0.010 -0.009 -0.205 -0.016 0.001 
-0.117 
0.087 
0.009 0.007 -0.089 
0.006 -0.177 -0.034 - 
-0.218 
-0.041 -0.036‘ -xmiif ------- 
.~--.-.- ---. -0.102 -0.008 -0.045 -0.189 5000 0.161 -0.182 -0.159 -0.194 -0.141 -0.031 -0.019 0.077 -0.163 0.009 -0.097 -0.141 -0.035 0.018 -0.207 
___ .._-_ - - -0.321 -0.104 -0.121 10000 -0.283 -0.236 -0.263 -0.267 -0.366 -0.224 -0.201 -0.339 -0.133 --0.093 --o.%#ii-- 









-0.304 -0.266 -0.117 _ -0.080 ~- -0.033 -0.118 -0.235 -0.222 -0.194 -0.276 -0.278 
. ---_-- - __-~-_____~ 
I 
___ ---_ _ 
LWcont. 
I I I I I  I  I  1 -1 
--_ .  . -  
2 _ _ _ _ --. __- -. ._ - 
5 ~ ---. ___ _ - - 
4n 
-  --____~ - - - -  . - - . - -  - .  - -  --_- 
I  I  average 
--.- ---.--_- _-.- ____ -~__-_.. -__- 0.003 
-. - ---- ---- - ----- _--.-___ ---_-. -0.046 --- ^-_ 
-0.019 
--------------------------__I-___+___ n nw3 
-CL141 - - - - - -  - - - - - -  - -  .-_ --___. 
-0.222 
i - -  ~-~ - - - - - -  - -  - - - -  - - - -  .----__. V.VLJ 
-_ -  - -  
100 0.073 -0.077 0.058 0.039 -0.079 -0.105 0.041 
___-- - ._-- 
0.101 -0.007 
----- 
-0.162 -0.079 0.031 
-0.038 
200 0.096 0.034 -0.065 0.103 0.039 0.031 -0.051 -0.051 0.050 
-0.139 
-0.001 -0.048 




-0.011 -0.007 0.102 0.052 500 -0.116 -0.076 0.004 -0.006 -0.066 
--- -0.016 --- -0.022 
-..._ _- -0.121 - 0.042 -0.027 -0.031 
~- ___. .- 
----_ 
- . . 1000 -0.085 -0.038 - -- ---- _-- 
. 
_- 5ooo -0.096 --_. - -. -0.064 
._ -- ----- -.__ _ A 1-1 
10000 -0.342 - -- -- --- 
--.- -- _- -.- _ .--- -- -- ~- _..... -.- 
_ ---__ . 
Earlywood - A Temperature (C) ----- _ 
1 0.004 
I I I I I I 
-0.043 0.052 0.033 -0.009 0.042 0.004 0.023 0.068 
2 0.064 -0.111 -0.091 9.080 0.032 0.004 -0.022 -0.049 -0.061 -. -. - 
5 0.038 -0.107 -0.085 -0.024 0.051 -0.037 0.017 -0.001 -0.047 
10 0.031 -0.113 
~ __-_--- 
-0.076 -0.106 0.039 -0.116 ..- 0.072 -_. _ -0.090 - -.-- -0.012 
50 0.073 -0.126 -0.115 -0.013 0.042 -0.136 0.066 -0.043 -0.036 -.- ~- _ 
I-.. ?!!!I om8 -0.092 -0.135 -0.034 ~-- 10.058 1 -0.121 1 0.011 -0.098 -0.044 
_.- - --. - .-.---- ---- ----- .-._ ._ _ . . - .__ __ 
_-_--__ 
0.114 0.043 0.037- 
--__-. -__. _.- 
-0.121 -0.156 -0.014 -____ - -~- - -. ___- 
-0.017 -0.177 0.064 
.-%.142 ~~_ 0.003 -0.002 -0.040 -0.045 -0.022 -- -.- _--.- -- 
-0.124 -0.093 -0.057 0.059 -o.iot- 0.153 0.061 200 0.014 -0.112 -0.049 0.014 -0.100 
-0.045 -0.127 -0.061 
- _- - ._ _ .- --- _ - 





-0.063 0.093 -0.154 0.061 -0.221 0.011 -0.014 0.028 -0.080 0.077 0.197 -0.169 0.289 ---.- --_- ~-_ ___ 1000 -0.031 0.047 -0.080 0.089 -0.166 -0.109 -0.143 
-0.009 0.003 -0.008 
__-. 




5000 -0.114 0.251 0.004 -0.158 -0.074 -0.266 -0.238 
---- -- -.-- ----- ~ 
---__-__ 
-_-_. _ -. ---- - --- 
-0.057 0 117 nm 
4 -0.060 .--.-- 
200 v-w ".".m, V."", 0.100 -0.111 -0.091 -0.177 0.005 0.029 
-0.016 -0.058 
---_ -". I I 
0.003 0.192 x219 0.229 -0.101 




____ . . - ____ 
-_ ---._. - 5000 -0.247 - - - . . - 













Initial IR Study - 30 Hz 
Latewood - A Temperature (C) 
1 0.018 0.031 0.033 
2 0.038 0.004 0.032 
6 0.058 -0.013 0.021 
10 0.058 -0.033 0.047 
50 0.064 -0.029 0.021 
100 0.050 -0.041 0.031 
200 0.042 0.005 0.047 
500 -0.023 0.604 0.023 
1000 -0.017 0.605 -0.013 
5000 -0.017 -0.074 -0.034 























0.044 0.088 -0.002 0.008 -0.070 -0.099 
-0.071 -0.132 -0.073 -0.067 -0.128 -0.134 
-0.042 -0.139 0.022 -0.039 -0.046 -0.123 
-0.020 -0.143 -0.033 -0.057 -0.044 -0.131 
-0.105 -0.178 0.022 -0.007 -0.046 -0.100 
-0.122 -0.198 -0.026 -0.041 -0.030 0.018 
-0.094 -0.097 -0.032 -0.068 -0.102 -0.013 
-0.045 -0.111 0.017 0.065 0.035 -0.078 
0.021 -0.089 0.044 0.081 0.011 -0.086 
-0.019 -0.114 0.032 0.098 -0.004 -0.126 











-0.036 -0.113 -0.042 0.181 0.055 0.012 -0.113 -0.143 0.093 -0.114 -0.066 
-0.047 -0.058 -0.058 0.043 0.050 -0.008 -0.134 -0.095 0.103 -0.089 -0.073 
0.076 -0.033 -0.059 0.007 0.076 -0.038 0.026 0.046 -0.107 -0.219 -0.249 
-0.019 -0.018 -0.089 -0.007 0.029 -0.084 0.045 -0.007 -0.097 -0.204 -0.263 
-0.023 -0.033 -0.099 -0.036 -0.040 -0.134 -0.071 -0.033 -0.207 -0.286 -0.326 
0.000 0.000 0.000 -0.103 -0.156 -0.159 -0.142 -0.118 -0.229 -0.278 -0.386 
average 











Earlywood - A Temperature (C) 
1 0.023 -0.018 0.037 -0.010 
2 -0.019 -0.029 0.053 0.021 
5 -0.042 -0.033 0.053 0.034 
10 -0.054 -0.078 0.051 0.016 
50 -0.019 -0.038 0.088 0.064 
100 -0.050 -0.008 0.074 0.007 
200 -0.038 0.002 0.072 -0.044 
500 -0.084 -0.024 0.065 0.021 
1000 -0.073 -0.029 0.065 0.029 
5000 -0.061 -0.011 0.064 0.023 











0.015 -0.087 -0.053 -0.098 0.015 -0.058 0.049 -0.078 0.026 0.035 -0.106 -0.098 -0.266 -0.126 
-0.014 0.008 0.027 -0.022 -0.052 0.024 0.023 -0.045 -0.006 0.049 -0.077 -0.169 -0.257 -0.084 
0.019 -0.032 0.014 -0.037 -0.004 
-0.108 -0.147 -0.004 -0.178 0.012 
0.003 -0.116 -0.040 -0.146 0.028 
-0.046 -0.134 -0.032 -0.173 0.025 
-0.078 -0.111 -0.002 -0.138 -0.058 
-0.080 -0.122 -0.078 -0.050 0.040 
-0.044 -0.243 -0.058 -0.089 0.054 
0.008 -0.082 -0.051 -0.013 0.118 
0.031 -0.084 -0.019 0.092 0.061 
0.008 -0.094 -0.080 0.022 0.091 
-0.018 -0.074 -0.071 -0.016 0.089 
0.003 -0.009 -0.064 -0.050 0.058 0.074 0.089 -0.123 -0.047 0.196 0.018 -0.138 -0.050 0.068 -0.058 
0.019 0.029 -0.104 -0.057 0.104 0.105 -0.001 -0.088 -0.036 0.099 0.045 -0.165 -0.022 0.078 -0.057 
-0.002 -0.109 -0.029 0.051 0.187 -0.101 -0.050 0.038 0.101 -0.018 0.028 -0.133 -0.139 -0.032 -0.212 
0.038 -0.116 -0.021 0.089 0.194 0.054 0.081 -0.004 0.091 0.063 -0.021 0.019 -0.106 -0.026 -0.182 
0.043 -0.148 -0.066 0.059 -0.018 -0.053 -0.116 0.048 -0.039 -0.020 0.014 -0.021 -0.124 -0.128 -0.188 
0.000 -0.139 -0.026 0.054 0.000 0.000 0.000 -0.122 0.002 -0.087 -0.047 -0.123 -0.235 -0.220 -0.350 
average 





















0.086 0.072 -0.053 0.019 -0.155 -0.120 -0.044 -0.203 -0.232 
-0.003 0.029 -0.027 0.037 -0.122 -0.089 -0.098 -0.116 -0.244 
lnltial IR Study - 60 Hz 1 - - _ 
Latewood - A Temperature (C)  ' --_. __._ .- _.-_. 
1 5.023 5.026 0.017 0.013 5.028 -e.!.j22 0.056. -5.037 5.072 5.106 
2 5.085 5.022 0.029 0.113 -0.152 0.020 0.039 5.071 5.103 5.189 - -  -_-.. _-  _ _ -  -.------ -  
5  5.033 0.017 0.068 0.072 5.142 5.089 0.029 5.096. -4.13j 5.141 _-  _ 
10 5.041 0.029 5.066 0.107 0.017 5.017 0.003 5.023 5.057 5.186 I - - - -  
50 5.059 0.014 5.008 0.129 0.009 0.009 0.062 5.07 .--- 
loo 5.963 -0.029 5.013 0.117 0.031 0.049 0.066 __ _-_ - - - -  * 
206 5.106 0.041 0.118 0.080 0.013 0.052 0.112 5.0s 
*AA Ame n,na n n.. n  h,. nn4e nna -n nm A 1r  
_ _ ._ ____ . __ .-__-_ - -~ _--_ -_ _* ___.. -__.-- .__ -  - - ---- 
__- _____. ___--_-_ - ~-_ .--_--. ---.--- ---- _-__- .-_--- -- 
, “ “ ”  I , v - -  - . . - -  - . - . -  - . - - .  - . - - -  - . - - _  ,  - . - - -  
5000 5.026 5,101 5.076 6.009 t 0.078 1 0.027 1 5.064 t 0.014 1 5.079 1 5.266 1 0.025 1 5.043 1 5.033 1 5.142 1 5.158 1 -t _____ _.-- ------. -  
10000 5.031 5.073 5.099 - -  
'4 5.045 5.143 -1 
i .5.102 5.073 5.079 5.029 0.026 5.003 0.023 5.222- 5.061 0.001 5.169 0.006 0.166 5.003 0.011 5.140 5.103 5.203 -0.063 -I 
13 5.127 5.102 5.067 0.033 0.081 0.032 0.023 5.164 5.073 0.030 -0.117 0.018 0.159 0.122 -0.024 5.168 5.176 5.113 5.018 a - -  
WV1 -v.WL 1 71.,"0 , Y.W. , Y."JI , "."I" , v-m , -."-I , w,k --imfi- --ox -6x1- x071 5.014 5.174 5.156 5.164 5.022 _______ --~~~ - - -  --.__ -  __._ ___-  
tnnnl n n?n I nim I  4049 I  -0004 I  6006 I 0.024 1 0.023 I 5.189 5.078 5.024 0.152 0.154 5.006 -0.152 5.153-t 5.172 0.011 >:ii; ~168 -0.025 5.661 _.___ _____ _.._. , 
-iI33 
, , . , . . . . . ~... 
0.030 0.077 0.039 0.016 1 5.099 5.283 0.018 5.072 5.101 5.153 $252 5.232 5.033 5.081 
- -__ _ __.-- 
__ - - -  ~ ___ ______ ._ _.._ -_-  ---__-. -  - -  - -  
_  . .--- _.__ -. ._ _ _-  - - -  -  - - - - -  
-__ _.--I_ - - - -  - - - - -  -.--._ _ - -  --_. -  - -  ___--_ --_-.- ---. --.-. - - -  
I I I I I I I I I I I I I I I I I I I I I I I I I average 
I .  I  I  1 
Earlywood -A Temperature (C) I I __-- --_. 
1 0.042 5.014 0.040 0.073 5.001 5.016 -0.053 0.024 0.019 0.006 5.137 5.079 5.086 5.014' 
2 0.039 5.109 0.072 0.104 5.011 5.075 -5.067 5.006 5.133 5.094 5.117 -0.082 5.230 5.064 
-  .--- -  5  5.033 5.028 0.070 0.010 -0.119 5.078 5.115 -0.022 5.077 5.067 5.104 5.037 6.192 5.061 ..---. - - -  - - - -~ -  - -  - - -  -. .-_ -___. 
10 5.026 5.055 0.055 0.036 5.089 -0.091 5.079 5.032 5.091 5.053 5.133 5.023 5.193 5.060 
. 35 
--..- 
5.073 5.059 0038 0086 5.030 0.014 5.108 5.038 5.060 5.660 5.101 0.050 5.213 5.043 __ -L --2--., - -  
100 5.154 5.049 0.106 0.082 5.043 5.062 5.102 5.002 5.029 5.148 5.039 0.071 5.041 5.081 -0.008 5.015 5.024 5.014 5.043 5.093 0.037 5.252 0.049 0.007 5.004 5.668 -0.078 5.053 0.050 5.035 _-- -  
200 5.032 5.118 5.126 0.113 0.012 0.037 0.018 0.013 5.603 5.099 5.076 0.026 5.025 -0.120 5.012 0.066 5.001 5.115 5.054 5.081 0.017 5.192 0.141 0.062 5.007 5.056 -0.110 5.103 0.036 5.027 ~ .--- ~. ___.~ 
509 0.034 -0.045 -0.072 5.020 0.052 0.110 5.104 0.013 0.084 0.070 0.098 5.058 5.071 5.099 -0.066 0.019 5.003 _~_- _ ._ ._._ - -  - -  - - - - - -  __--  . .- -_-_ -  _ _ . -  -  - -  
1000 0.095 5.097 5.072 5.011 5.021 0.077 5.077 0.025 0.015 0.134 0.137 0.033 5.076 5.058 -0.076 0.003 0.008 -_--_ ._- _-_ 
_ 5ooO 0.093 5.007 5.101 5.032 0.027 0.011 5.082 0.027 0.119 5.061 5.071 5.032 5.098 5.038 -0.072. 0.027 5.018 
-  10000 0.097 0400 0.002 0.012 5.002 5.116 5.667 0.019 0.057 5.157 0.021 5.158 5.136 5.071 5.086 0.000 5.036 . _ _ _ 
I  
lnltlal IR Study - 100 Hz 1 -_--I_ _-_ -_-- . .._ -_--_- ___-__. ._____ ,  _ - ---- 
Latewood - A Temperature (C) average 
I nn95‘l-~l~-nnns 0 027 0.009 -0.019 -0.008 -0.022 -0.127 0.011 o.ooo 0.014 0.025 -0.008 I- -0.021 -.--- -.--- -.--- -.--- -.--- ~--  .~ 
_-- -_ 
-  - - -  _-  
2 -0.053 -0.059 -0.107 -0.147 0.069 -0.026 -0.064 -0iO2 0.017 -0.084 -0.105 -0.085 -0.024 -0.021 -0.049 - - -  -. I -_  -______ ____ __ - - -  .-- 
5  -0.078 0.100 -0.071 -0.043 -0.127 -0.044 -0.017 -0.040 
/-- 
- -___-_--  -  .-.. . _-_. _._ _.___ , _______ _ --. - -_ 
10 -0.013 0.057 -0.065 -0.021 -0.108 -0.067 -0.056 0.026 0.004 -0.075 -0.038 TO.O69 -0.056 -0.048 -0.038 __ __ _ -___ _____- - -__ ^ -.. 
50 -0.074 0.006 0.015 0.011 -0.045 0.002 -0.040 -0.014 0.020 -0.109 -0.076 -0.109 -0.060 -0.120 -0.042 .-__- ___. - -_--  ._____ 
~ 
- - - - -  
100 -0.125 -0.084 -0.014 0.007 -0.019 0.031 -0.098 0.049 -0.007 -0.058 -0.058 -0.084 -0.019 0.066 -0.113 0.006 -0.129 -0.029 0.054 0.064 0.000 0.018 -0.070 TO.347 -0.041 _ -TO.O66 -0.058 
200 -0.088 -0.068 0.077 0.041 0.054 0.063 -0.053 0.054 -0.004 -0.081 -0.051 -0.076 -0.014 0.055 -0.089 -0.004 0.012 0.001 0.047 0.078 0.029 -0.118 -0.047 -0.044 -0.110 -0.205 -0.021 
-0.077 -0.012 0.026 0.066 -0.012 -0.141 0.034 -0.007 -0.059 -0.019 __-- -  - - - - - -  ______- __-___ .-.----- _ ---_. 
-0.022 -0.097 0.116 0.086 -0.054 -0.046 0.007 0.006 -0.229 -0.156 -0.031 
b.060 -0.132 0.109 0.044 -0.071 -0.160 -0.010 0.032 -0.098 -0.175 -0.030 -. -_  -.- _-- -__-~ 
0.101 -0.081 0.026 -0.046 -0.176 -0.032 0.042 -0.120 -0.064 -0.030 ._-- -.-.- -..- -... -.-_.--- .-- .--.. -- ----. 
__~ . 
-_-_-...-_ -.- - --- _____ __--. --__ _.__ - ..-__ . . --. -. __-- --- 
Earlywood - A Temperature (C) average -_--  ___-“,* -_~ ._____._ - -__ _. __-  
1 -0.003 0.0128 -0.056 -0.005 -0.042 -0.002 0.0144 -6E-04 -0.029 -0.012 -  -_-.,_- . _- -  -  _.--- . _  _ _ . . -  _  _ ._ _ -__--_. _ _.-._. - -  - - - -  
2 -0.024 0.0639 -0.017 -0.02 -0.047 -0.124_ -0.095 -0.198 -0.047 -0.056 Î . 








-.-- -0.06 . 
-0 005 
0.0283 _.___ 
-0 001 _ 
-0.049 - -- 
-0.182 -_ _--  - - -  - -  
-0.095 -0.057 ___ _ _ -ZLL -0.14 _ - -  -0.013 -  -  . . _  -._--- ~- -0.051 
100 -0.084 -0.039 -0.045 0.04 0.0133 -0.125 -0.064 -0.103 0.0144 -0.012 -0.129 0.0478 -0.012 &%61 -O.dis -0.019 -0.021 -0.044 -0.006 -0.003 -0.334 -0.042 --^ - - -  . .--- ~ ___ 
200 -0.042 -0.009 -0.023 0.0461 -0.014 -0.103 -0.075 -0.071 0.0228 0.0428 -0.068 0.0617 0.0428 0.0744 -0.046 -0.019 0.0122 -0.056 -0.041 -0.091 -0.141 -0.024 _-_. _-  ____ ~___~___- -  _ ____ .-.-- 





“ . “ “ . _  “ .  . ”  .  .  “ . “ “ “ ”  - . . . -  - . - - -  - . - _ -  - . - - -  - - - - _  - - - - -  - . -  -  
0.0733 0.0928 0.0544 0.0411 -0.096 0.0083 0.0272 0.0228 0.0494 -0.075 
-  -  0.1289 0.1489 0.0839 -0.104 -0.114 -0.159 0.0378 0.0494 0.0394 -0.012 -  - - -  ~--  _- - - -  
0.0506 0.1439 0.0711 -0.137 -0.111 -0.026 0.0089 -0.008 0.0717 -0.014 
-0.184 - - -  _- -  - - -  
-0.208 
-0.152 
I I I I 
k .‘. 
Experiment 1 - 10 Hz -.-.- --------_- --__ _ __- --- - -- 
Latewood - A Temperature (C) average . ..---.__ -._ -- .__--_-__ _--__- 
1 0.029 0.008 0.003 -0.005 -0.027 0.002 __-,. _ --- -- ^, 
2 -0.006 -0.058 -0.021 -0.017 -0.002 -0.021 --- .--.-. ____ __.._ . .-- 
5 0.000 0.000 0.000 0.000 0.000 0.000 _-. _ .-._ -- 
--- 
._ -- 
10 0.038 -0.064 -0.061 -0.011 -0.019 -0.023 ~._ - 
50 0,009 -0.011 -0.019 -0.024 -0.021 -0.013 _ __. -~- ._.-_ 
100 0.001 -0.066 0.012 0.003 0.000 -0,013 --_ _- 
200 0.028 -0.026 -0.026 -0.001 -0.047 -0.002 -0.099 0.066 -0.018 0.000 -0.014 - ---.._- __ ---- -.__ 
- 500 0.002 -0.080 0.012 -0.011 -0.019 
---- 1000 -0.007 -0.101 -0,026 -0.018 -0.038 - ._.-. -~ -_ __ 
5000 -0.053 -0.101 -0.032 -0.049 -0.059 --. _ -. - -_ 
10000 -0.128 -0.168 -0.107 -0.133 -0.134 __. _ - - - _ _. _- 
- . _ . --_--_ _- - 
_ 
..---.- I 
.- . _I_____ ---_--_- ____ 
- ._-_~- _._.__ _- 
Earlywood - A Temperature (C) -- ..--.. . . average 
1 0.022 -0.024 0.012 0.145 0.011 -0.029 -0.062 0.113 0.024 
2 -0.018 -0.018 -0.013 0.008 -0.015 -0.050 -0.056 -0.019 -0.022 .--. ,- . . .__I-_ --_ - ._.- -_-___. __ __.-___ 
5 -0.019 -0.047 0.005 0.077 -0.01 I -0.077 -0.087 0.078 -0.010 _--- - ----__-. __-_. _. ~. -_.-. _ -.-- -- 
10 -0.058 -0.002 -0.027 -0.003 -0.033 -0.028 -0.067 
__~ 
-0.013 -0.029 -.-- ---. ~ - -- -_-- 
50 -0.006 -0.023 -0.024 0.032 -0.006 -0.019 -0.036 -0.007 -0.014 
- ----%6 0.004 0.027 0.026 0.008 -o.t!w - -0.028 -0.059 0.000 -0.011 
200 -0.016 -0.034 -0.027 0,016 0.003 -0.023 -0.019 -0.009 0.013 0.001 -0.035 0.029 -0.057 -0.029 -0.029 -0.014 




~-. .-_-_ - --. - --.. _- __.._  _ __ _ _ ___ 
1000 -0.001 -0.019 0.001 0.034 -0.005 .----~- 
I 10000 5000 -0.019 73 -0.215 ,134 t--o.1621 -0.050 -0.130 07 -0.154 091 -0.074 16 -0.089 95 -0.064 
Experiment 1 - 50 Hz 1 I 
-- 
SW@MflF! 
1 -0.007 -0.016 -0.022 -0.012 -0.012 -0.037 -0.021 ----_ .-- ---_. 
2 -0.059 -0.077 -0.026 0.011 o.--. 
I 
-.-_- __- --. .-_-_ ---.-.- -- 
-0.085 -0.053 0.012 0.007 -0.051 t-z-0.009 I--%rn- -----v -- 
- - - - -a-  .--.--.-. 
-0.022 -0.019 i_ -. -.. ---_- ~__ _-._ ,- 
-0.029 
-0.039 
-0.020 _ ._ . _ __ 




0.001 -0.035 ___ -~-- _- -- -0.018 
100 -0.086 0.031 0.009 0.065 -0.084 0.011 -0.019 -0.077 
200 -0.030 
-0.019 




-0.086 0.039 -0.009 -0.060 -0.013 - . 89 0. 22 . 4 - . 01 
_ --__ _ __ -0.010 
1 IOOOl -0.073 1 0.009 1 0.011 I 0.009 I -0.027 I -O.Oli -0.0 I ~.- 50001 -0.091 1 I 0.001 1 I 0.010 1 I 0.009 I 1 -0.032 I 1 -105 -0.012 , 1 -6.009 -0.025 -0.014 .-- _.- -- ---._ , 
-0.056 I I I I I I I I I -0.023 I I 
1 107 “:083~$0~~~~ -0.015 -0.024 -0.033 -~ -0.020 -0.043 -0.068 __ - - . .-^ ' '--w--~-~mv~e _. ___-___-______ _ -o"?"- __-_____ 
t  
I  I  I  I  
I  I 1 
- -  l I  I  
Earlywood - A Tempeiature (C) 
I I 
I 
II 0.019 1 -0.027 1 -0.008 I--o.o30- 0.008 -0.f 
average 
106 -0.016 -___ .-- --.- -0.008 2 -0.018 -- -0.047 -0.019 -0.056 .---- -0.009 .----. -0.029 ~--. -0.044 ---.- _____ -- _- ___ _._____ 
.---- -- --.- -0.032 -- ..-_ . _ ---_- . .--_ 
I 5, -0.023 1 -0.046 1 -0.026 1 -0.094 I -0.017 I -0.062 I -0.033 I I I  I  I  I  I  I  I  I  I  -n nm I 
I  I  I  
031 1 -0.065 1 
I  I I 
I I - 100 5  10 -0.031 - . 07 2 -0.046 5223--- -0.014.- 42 39  -o.o04- -0. 31 -0.053 1806 -0.014  0. 50 -0.017 29 -0.029 - I 0.012 I -0-a I  I  I  I  I  -__-- --- 
-- 
-.J24 
1 -0.042 1 -0.017 1 -0.031 1 0.024 1 0.022 -0.04i 0.016 0.027 -0,009 0.021 
0.016 -0.041 0.004 -0.038 
1 -50061 -0.005 i- 0.008 O.Oll -0.018 -0.039 0.033 i.&i -iiiii -i.iii 
1 10000~ 0.000 i -0.021 i -0.018 i 0.001 r-0. 
~~~~~~+-~ 
047 -0.002 -0.019 -0.017 -0.024 0.012 
-0.008 .- ^. _------- _____ -. _--. 
-0.013 
Experiment 1 - 100 Hz1 -____-- 
Latewood - A Temperature (C) average 
1 -0.029 -0.011 -0.014 -0.039 -0.016 -0.009 -0.024 -0.034 
---------- -. --_..- - _._--_- -__.-__ 
-0.022 _-___-. . _. .__ 
2 -0.045 -0.027 -0.046 -0.066 -0.018 -0.036 -0.046 -0.071 
-.-..--- -____ .------- -.-- ----_ __-. _.__.- __.-_-- ____  _ ___ 
-0.044 - --_-- ~_ _-- 
5 -0.059 -0.007 -0.025 -0.020 -0.009 -0.038 -0.048 -0.068 -0. 
10 -0.064 0.023 -0.032 0.003----- 0.009 -0.058 -0.066 -0.079 -0.033 
50 -0.067 0.019 -0.031 0.003 0.017 -0.057 
-o,066-- -Lo,073- I-- 
-0.032 -__- _-- 
100 0.012 -0.026 0.029 -0.025 -0.008 -0.072 -0.002 -0.073 
--_____ --~ _.-_-- 
-0.020 _-.--- ._____-_ ---_ 
200 -0.055 0.024 -0.017 0.009 0.024 -0.038 -0.046 -0.056 0.008 -0.046 0.007 -0.024 -0.003 -0.056 0.004 -0.039 -0.019 
500 -0.013 -0.028 -0.021 0.020 0.001 -0.034 -0.035 -0.024 
- ._*_.m.. 
-0.017 ^. _ __ -_- ---. ___._ - 
1000 -0.007 -0.035 0.012 0.037 0.067 -0.062 --0.052 -0.036 
-_- 
-0.010 
5000 -0.013 -0.037 0.001 
---~ ..----.--- 
0.020 0.064 -0.059 -0.047 -0.032 -0.013 




-0.018 ____- _ .--__-~- __ _ _- -__. -- -- ._--- - ---- -___ ._._. 
.-__-.-- ._ ..-- -- . 
____--. __ --- _. _--_ . _ .- 
Earlywood - A Temperature (C) 
-__- _ _ __ __. _._ _ -_- -. 
average --__I_- _ ._- 
1 -0.006 0.001 -0.030 -0.036 -0.020 
-_-__ 
-0.018 
2 -0.012-' --- -0.048 0.003 -0.021 -0.045 
-~ ____- ---- ----_-__  __- .- --_-_-. ___ 
-0.025 
5 -0.059 -0.033 -0.078 --0.014 -0.011 -0.039 
- 
10 -0.026 -0.026 -0.042 -0.072 -0.031 --- -0.039 
50 -0.019 -0.011 -0.057 4)01fj -0,069 - - -- * - -- ^ - 
--.-.---___. _ ._. .-- ___- --._ 
-0.035 
100 0.009 0.007 -0.031 -0.016 -0.023- -0.103 -0.037 0.024 -0.015 
200 -0.033 0.022 -0.003 -0.046 -0.018 0.028 0.007 - ---0.033- -0.031 0.011 -0.083 -0.038 0.016 -0.015 
-----m 0.022 
__~----. _ -- 
0.030 -0.010 -0.012 0.034 -0.059 -0.024 0.012 -0.001 
1000 0.003 0.008 -0.036 0.001 
__--_- -~ 
0.031 -0.022- -0.003 0.028 0.001 
----siti -0.013 0.019 -0.016 0.016 0.024 -0.028 -0.020 -0.014 -0.004 
10000 -O.OlCi -o.oos-- --m6 -0.003 0.015 -0.014 0.002 0.002 
--^ I --__--.-.- 
-0.005 
Experiment 4 1 __ -- _-- _- 
50 Hz - A Temperature (C) 
__-. - __- --_- 
average ----- ___- _. 
10 0.073 -0.016 0.060 0.042 0.006 0.005 0.016 0.077 0.093 0.012 -0.001 0.029 0.024 -- --0.064' -0.012 0.078 0.026 _ ___ _ . . 
20 0.118 0.001 0.072 0.016 0.001 0.012 0.078 0.089 0.092 0.005 0.031 0.022 -0.016 -0.038 -0.021 
--- 
0.063 0.033 -_-____ - 
50 0.092 0.003 0.009 0.029 0.029 -0.021 0.006 0.037 0.086 -0.029 -0.016 -0.016 0.017 -0.063 0.021 0.045 0.014 -__- ._ -- -__- 
'100 0.063 0.046- 0.028 
____-- -_-- 
0.035 0.029 0.043 0.061 0.100 0.051 
500 0.149 0.041 0.127 
o.084 - - ‘o.077 --.- - -- 
0.138 0.101 0.223 0.182 0.076 0.161 0.086 0.050 0.079 0.059 0,111 0.109 
1000 0.164 0.048 0.086 
- ----~ 
0.112 0.133 0.149 0.101 0.223 -- 
~~200ni 0.158 0.064 0.069 0.078 - 0.098- _ 0.161-- 0.129 ~~38 --0.200 0.098 0.142 0.119 0.112 0.117 0.086 0,151-- -o.lz6-- 
0.127 
.-_ _ 
10 Hz - A Temperature (C) 
..xx. _ _  .._. __- ..__ _._ 
average 
10 0.064 
o,041.- _____ _.._,... 
0.097 0.041 o.ooi 0.034 0.078 0.127 0.047 0.025 0.016 0.078 ----- -____ 0.111~ 0.011 
-.___ - - 
0.055 
20 0.068 0.049 0.074 0.663 0.037 0.028 0.073 0.1 IO 0.023 -0.019 0.046 0.089 
-_ -____ _..- 
0.070 0.037 0.054 -.-___c___ _. _-_~ 
50 0.113 0.042 0.021 0.058 0.007 0.022 0.078 0.106 0.041 -0.031 0.051 0.033 0.048 0.043 0.045 --_- -- 
100 0.092 0.038' 0.064 0.076 0.005 0.048 0.061 0.042 - 0.063 0.062 0.042 0.022 0.022 0.016 0.047 __-_-. - 
500 0.055 -0.036 0.047 0.082 0.012 0.028 
--_- 
0.089 
-- .__ _.- 
0.122 0.034 -0.030 0.034 0.064 0.032 0.061 0.042 
1000 0.059 0.006 - --___-. - 0.059 0.116 0.017 0.073 0.104 0.132 0.096 -0.034 0.067 
--..- 
0.091 0.098 0.051 - --m7-- _- 





Experiment 6 1 I I I I I I I I ._ --- _ _- I I 
IO Hz - A Temperature (C) I -- -- -- 
100 -0.028 -0.007 0.000 0.021 -0.013 -0.061 -0.041 0.029 -0.009 10.004 -0.015 -0.008 -0.010 _--.__-- -~ -.-_- _ 
500 -0.043 -0.056 -0.029 -0.004 -0.017 -0.057 -0.083 0.005 -itd 81 t -0.021 -0.042 t -0.093 1 -0.029 -0.042 -0.096 -0.077 -0.078 -0.046 -0.048  1 105 78 49 3 111 117 -0. 29 66 75--_ ___- - .127 ___ 132 117 148 154 149 105
I 10000 -0.206 -0.194 -0.163 -0.071 -0.175 -.  I - -0.192 -0.189 -0.108 -0.101 -0.141 -0.149 -0.186 -0.?72 -0.171 -0.167 -0.12: 
I I 
I - - . .  -1.I~-mA- I  I  I  I  I  I  I  
---l----t-~ 
______-_ -_. _- . ---- - .~ .-. 
50 Hz - A Temperature (C) average a---.-. .._. - ___ ~_____. _-._ -__ ..-__ __ 
100 -0.031 0.009 -0.023 0.009 -0.024 -0.007 -0.038 0.014 -0.006 0.015 0.021 -0.043 0.010 0.012 -0.006 - 
500 -0.012 0.042 -0.035 -0.009 -0.003 -0.006 -0.012 -0.197 -0.108 -0.079 -0.058 -0.119 -0.127 -0.169 -0.063 
1000 -0.069 -0.061 -0Tij64 --0.019 -0.022 -0.027 -0.039 -0.262 -0.202 -0.749 -0.101 -0.154 -0.196 -0.234 -0.114 --. .- - -- --_____ - 
5000 0.000 0.000 0.000 0.000 -0.000 0.000 0.000 -0.329 -0.357 -0.269 -0.214 -0.354 -0.275 -0.340 -0.153 
I 10000 1 -0.139 I -0.098 I 
-___ 
.- -0.074 I -0.077 I -0.022 I -0.078 I -0.089 I -0.263 I -0.369 I -0.413 I -0.363 I ~0.5051 -0.308 I -0.379 
1 
I -0.227 I I I I 






20 14.7505 14.6898 1 14.7190 14.7337 14.7579 14.7200 14.6558 1 
Bode + sample 12.3540 12.3547 12.3741 12.3694 12.2129 12.2153 
CPa 14.6343 14.6339 14.6336 14.6336 14.6339 14.6335 14.6330 
dry bottle + dry sample 12.2868 12.3511 12.3287 12.3110 12.1229 12.1632 r( 
dry bottle 12.2352 12.2984 12.2871 12.2669 12.0647 12.1265 
consistency 45.97 88.57 44.35 39.02 28.23 36.67 1 
El3 El4 E6 L4 L5 L6 PE3. PE4 L 
0 0.5573 0.5664 0.5603 0.5535 0.5465 0.5757 0.5070 0.4945 . 
1 0.5561 0.5651 0.5591 0.5526 0.5476 0.5748 0.5066 0.4941 
2 0.5549 0.5637 0.5577 0.5516 0.5466 0.5740 0.5059 0.4937 
3 0.5537 0.5623 0.5557 0.5506 0.5453 0.5726 0.5056 0.4934 
5 0.5517 0.5605 0.5545 0.5487 0.5432 0.5706 0.5051 0.4929 
10 0.5462 0.559 0.5485 0.5443 0.5360 0.5657 0.5039 0.4917 
15 0.5413 0.554 0.5431 0.5403 0.5332 0.5610 0.5026 0.4914 
20 0.5373 0.5493 0.5385 0.5361 0.5290 0.5566 0.5020 0.4910 
wet sample + bottle 12.284 12.4348 12.255 12.4054 12.3996 12.4215 
wet bottle 12.1803 12.321 12.1467 12.3043 12.3051 12.2992 
after replace 12.2568 12.4045 12.2255 12.3806 12.3740 12.3960 
weigh dish after 0.4569 0.4564 0.4564 0.4559 0.4561 0.4560 
dry bottle + sample 12.2213 12.3703 12.1924 12.3302 12.3266 12.3254 
water evap in transfer -0.0023 1 -0.0033 1 -0.0039 1 -0.0035 1 -0.0019 f -0.0025 1 I I 
2 min 
I E7 1 E8 1 E9 1 L7 1 L8 1 L9 1 
220 
Evaporation study with cycling 
Frequency 
10 











Number of Cycles Time (set) Ave Water Lost Ave A Consistency 
10000 1000 0.00790 3.743 
1000 100 0.00383 1.066 
100 IO 0.00403 
‘-- 
- --_--_. 
IO I 0.00340 -- __e- 
0 0 ___-_- --- 
Number of Cycles Time (set) i 
1.351 .--- ^- 
1.814 .-b-e 
0.00197 0.678 
Ave Water Lost Ave A Consistency 
10000 200 0.00693 2.748 
l-000 
-_ _.--- 
20 0.00380 1.814 ~___-- - 
100 2 0.00293 0.825 -_ ---- 
10 0.2 ; 0.00253 0.908 --. 
0 0 0.00197 0.678 
221 
_ __- 
Experiment 3 1 -- -.- - - I I I I I I -- --~_ - ------- .- -- 
I 
i _iO Hz - A Temperaturd (C) average I 
- 
---_-_. -_ -_. _-_---- ------ 
-----$?I 0.183 1 0.107 1 0.184 0.078 0.159 -0.026 0.042 1 0.036 -0.057 -0.008 0.021 0.019 -0.046 0.024 0.015 0.049 





- -0.518 0.218 719474 _ -.- ._ _ - - 0.024 632. 8 0941
~_.--- 
---------------- 0.003 19224617 -._____-- 0.020 6811253986 . - .-_____. 0.022 5781 41901 .-- - ___-__-_-- -0.079 170. 28 6235- ____-_ . ..- _-----.-. 0.023 184577821 1 0.032 661210315 0.089 6015653_--- -- __._ - .. . -._- _. _.-._---- ~- - , eeil~[~%i( 0.432 0.124 0.281 0.040 0.047 1 0.106 . 
- -.-._ -__ _- 
10 Hz - A Temperature (C) I I average I I I I I ._- __--- - ----- 
10 -0.001- -0.024 ‘O.bl4 0.004 0.043 0.013 0.009 0.104 0.020 0.020 - -- 
20 -0.021 -0.031 -0.053 -0.031 0.049 -0.044 0.012 0.019 0.010 -0.010 --_-- _.-. -. ----_ _- . - ._~ ------_-- 
- -0.029 -0.073 -0.031 0.052 -0.039 0.022 0.031 0.032 -0.004 
---- 100 -0.013 -0.024 -0.080 -0.013 0.052 -0.037 0.031 -0.003 0.000 -O.Ol()---- . ---~.- --_-.-- 
-0.002 -0.043 -0.042 0.067 -0.027 0.063 o.018 0.024 0.009 - _- 
0.018 sodlo.osi-‘I--o.o2s 1 -0.052 1 0.006 1 0.074 1 -0.031 1 0.066 1 0.044 1 0.052 _.__--~ -- _-- -. --- 
1000 0.024 0.003 -0.075 0.018 0.099 -0.009 0.070 0.046 0.051 0.025 ~--. --____. -- __.._ -..-_-_ _ _.-_ -. .__... _ .__-.-- ---- - -.-- - --- - 
2000 0.058 0.054 -0.028 0.040 0.136 -0.006 0.109 0.052 -0.049 0.052 
, 
Experiment 5 1 I 
Wet - A Temperature (C) 
average 
1 0.127 0.004 0.057 0.019 
0.035 -0.012 0.036 -0.046 -0.044 
0.004 -0,027 -0.052 -0.024 -0.039 
0.013 -0.002 -0.044 -0.009 0.006 -0.030 
-0.002 
. 3 0.035 o.ooo 0.001 0.029 0.046 0.020 
0,033 -0.022 -0.014 0.003 -0.002 
-0.088 -0.007 -0.044 -0.006 -0.035 -0.032 -0.054 0.000 -0.004 -0.007 
5 0.077 0.042 0.046 0.044 
0,072 0.026 0.061 -0.016 -0.031 
-0.001 -0.021 -0.069 -0.020 -0.035 -0.012 -0.127 -0.092 0.003 -0.030 0.010 -0.004 
-0.012 -0,0O3 -0.020 -0.098 -0.005 -0.039 -0.064 -0.127 -0.092 
0.003 -0.030 , 13
-0.019 6.091 -0.075 -0.048 -0.061 
-0.140 -0.071 -0.070 -0.034 -0,084 
-0.009 -0,050 -0.035 -0.064 -0,045 
20 4.030 -0.026 -0.064 -0.002 0.029_ -0.041 
-0.004 -0,114 -0.0% -0.001 0.002 
-0.034 -0.035 -0,046 -0.016 -0.047 
-0.022 -0.015 -0.017 -0.039 -0.031 
Dry - A Temperature (C) 
average 
-0.006 0.028 -0.009 0.015 
0.023 0.011 ij.038 -0.003 0.032 
0.028 0.012 0,057 0.034 0.008 
0.027 
-0.022 -0.017 0.119 0.103 0.073 
0.091 0.093 0.108 0.111 0.106 0.075 
0.041 
0.190 0.183 0.219 0,191 0.171 
0.094 
0,190 0.183 0.219 0.191 0.171 
0.105 
0,258 0.265 0.312 0,263 0.258 
0.097 
m 0.020 0.017 0.054 0.027 
0,045 0.103 0,042 0.004 0.043 , -0.034 
0.223 , 0.233 _ 0,214 0.258 
0.221 0,216 0,278 0.262 0.262 
0.131 
APPENDIX 9: FORMULAS FOR THE T-TEST STATISTIC AND DEGREES OF 
FREEDOM 
t - - X/N-Y/M-A2 
(St/M +S;/N)1’2 
df - - @t/M +S;/N)’ 
(S,2/M)2/M-1 + (s,~/N)~/N-~ 
where: 
X/N = average x value 
Y/M = average y value 
S2 = variance 
M = number of data points of M 
N = number of data points of N 









IR Intensity Units 
2300 


